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ABSTRACT 
Pipelines are used to provide variety of services in modern community and have grown rapidly 
in past few decades due to ever increasing needs of socio-economic aspects. Most of the water 
pipelines are buried in unsaturated soils where the behaviour of pipes is significantly different 
when compared to the pipes buried in dry/fully saturated soils. The internal and external 
loading act on buried pipes in such non-dry soil medium can lead towards undesirable failures 
as the current approach of pipe failure assessments overlook soil moisture effect (i.e. suction). 
The risk of pipe failure can be further triggered by aging effects as these pipelines have been 
laid sometime in the last century or earlier (i.e. highly corroded). As failures of water mains 
can have negative consequences on economy, society and environment in various ways, 
accurate prediction of remaining service life incorporating realistic soil and pipe condition can 
facilitate better asset management by water utilities while providing enhanced service to their 
customers.  
In this study, buried pipe response under operational loads (internal water pressure and external 
traffic loads) was investigated using a comprehensive large-scale pipe-soil testing 
methodology. Pipe deformations as well as soil stresses were evaluated in reference to a cast 
iron pipeline buried in low plasticity clay under different soil saturation levels. The results 
obtained from large scale experiments are compared with those from 3-dimensional finite 
element models that were calibrated against unsaturated soil sample tests conducted in the 
current study. The calibrated 3-dimensional (3-D) finite element model then formed a basis for 
detailed investigation of buried pipe behaviour under various loadings in unsaturated soil 
conditions. Results from large scale tests revealed that the backfill soil saturation can 
significantly affect the pipe deformation under internal and external loadings. 
The behaviour of buried pipe response in unsaturated soils was then simulated using 3-D Finite 
element (FE) method with advanced constitutive soil models. The models were first validated 
using experimental and reported field test data using calibrated soil properties. A series of 3-D 
FE analysis is used to develop an analytical model for predicting maximum stress in pipes (new 
and uniformly corroded condition) considering soil saturation effects. Results from the FE 
analysis reveal that the maximum pipe stress can be lowered by 10-80% depending on the 
partial saturation condition when compared to dry condition. The proposed formula shows a 
good agreement with the field data and FE results, so that the expression can be used in 
calculation of maximum pipe stress when they are buried under realistic (i.e. non-dry) soil 
conditions. 
Further studies were conducted to investigate the behaviour of corroded pipes subjected to 
internal and external loadings in partially saturated soil medium. Number of 3-D finite element 
studies was conducted using advanced soil constitutive models to analyse the behaviour of 
pipes with various corrosion patch geometries (corrosion patch depth, width and longitudinal 
length) which were identified on the basis of exhumed pipe sections in Australia. Results of 
the analyses were rigorously analysed by considering both stress intensity factor and stress 
concentration factor approach to determine the failure state of buried corroded pipes in 
unsaturated soils subjected to service loads. Study revealed that corrosion geometry (size & 
shape) and location can be highly significant in predicting the pipe failures in unsaturated soils. 
Analysis results were used to develop an analytical model on predicting the maximum pipe 
stress incorporating corrosion characteristics in addition to pipe and soil parameters. The model 
can be the backbone in failure assessment of buried pipes which are undergone inevitable 
corrosion during its service life. 
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1 Introduction 
1.1 Background 
Pipelines are used to provide a variety of service needs in the modern community and 
have grown rapidly in the past few decades owing to the ever increasing needs of socio-
economic aspects. The significant role that they play in the current economy is reflected 
in the many kilometres of pipelines laid for various service needs worldwide.  
Pipelines are usually buried in the ground, which provides them protection, and they 
are subjected to various internal and external loading combinations during their service 
life. As most of the pipelines are often buried at shallower depths under or adjacent to 
roads due to ease of access and maintenance (Petersen & Melchers 2012; Taylor & 
Lawrence 1985), the soil system around the buried pipes would be in a partially 
saturated condition. Therefore, the study of the response of buried pipes under internal 
and external loadings with variation of soil saturation is required in order to predict 
pipe failures more accurately. Corrosion is one of the main methods of pipe 
deterioration in metal pipes (Rajani, B. & Kleiner 2001), and localised corrosion can 
be considered as the most hazardous type of damage (Romanoff 1957). In order to 
predict realistic behaviour of buried pipes under external and internal loadings, it is 
important to study the pipeline behaviour in partially saturated soil condition with the 
presence of localised corrosions.  
1.2 Significance of the Study 
The failure of a critical pipeline can have severe consequences in terms of financial 
loss, impact on social life and environment related issues. Furthermore, failures of pipes 
are becoming a global concern, as there have been a considerable number of incidents 
reported around the world every year. On 4th March 2016, there was a sudden burst of 
a 200 mm ductile iron water main in Greenhill Road, Adelaide, which caused heavy 
traffic disruption and financial loss (Figure 1.1). Another pipe failure on 29th July 
2014, which occurred close to Los Angeles, led to the loss of about 10 million gallons 
of water, which resulted in great financial, social and environmental consequences. 
Additionally, there are several examples of such catastrophic pipe failures that have 
occurred in the past few decades due to various factors. 
Chapter 1 Introduction 
 
2 
 
 
Figure 1.1 Pipe failure in Greenhill Road, Adelaide (Denny 2016). 
 
According to the Australian National Water Commission (Water Services Association 
of Australia, 2012–13 . National performance report- Urban water utilities- PART A  
2014), water mains suffer from 13 breaks per 100 km annually on an average and 
failures increased by 3% in 2012–2013 (Figure 1.2). As most of the water mains that 
are in use today have been laid some time in last century, there can be severe 
deteriorations due to corrosion, which could lead towards catastrophic failures. As can 
be seen in Figure 1.2, the pipe failures have become a continuous problem, which is 
apparently not attaining a decreasing trend. The increasing trend of pipe failures reveal 
an inadequacy of current knowledge regarding the risk assessment of buried pipes 
 
Figure 1.2 Water main breaks in Australia (per 100km of water main) (Water Services 
Association of Australia, 2012–13 . National performance report- Urban water 
utilities- PART A  2014) 
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Another concern in this research study is to examine the impact of unsaturated soil 
behaviour on buried pipes. Most of the pipelines are often buried in shallower depths 
under or adjacent to roads due to ease of access and maintenance(Petersen & Melchers 
2012; Taylor & Lawrence 1985). As moisture content in the soil’s top layer is liable to 
change with weather and climate variations, the soil system that provides protection 
and support to buried pipes would be in a partially saturated condition. The behaviour 
of unsaturated soil under various loading conditions is fundamentally different when 
compared to dry or fully saturated soil, as unsaturated soil is a three phase system that 
is comprised of soil particles, pore water and pore air, while dry or saturated soils are 
two-phase systems that are comprised of soil particles and pore air or pore water (in a 
dry condition and saturated condition, respectively). Depending on the relative amounts 
of pore air and pore water pressures in unsaturated soil, it affects changes in the 
macroscopic mechanical behaviour (shear resistance and volume change) of soil mass 
(Robert, D.J. 2010). Recent laboratory experiments performed at the Pipeline 
Engineering Research Laboratory (PERL) of Tokyo Gas indicated that the pipeline 
loading resulting in partially saturated soil can be significantly different when 
compared to the loading from dry soils (Figure 1.3). Another recent study by Saadeldin 
et al. (2015) demonstrated that pipe deformation is affected by soil moisture variation. 
Such results indicate that the behaviour of pipes buried in unsaturated conditions is 
fundamentally different and requires further investigation to predict the behaviour of 
pipe stress with soil saturation. 
 
Figure 1.3 PERL experiment results (Robert, D.J. & Soga 2013) 
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This research is expected to address the aforementioned significant issues using a 
systematic approach. In addition, findings of this research will enhance the knowledge 
pertaining to pipe failure prediction and the failure analysis of buried pipes. 
1.3 Aim and Objectives of the Study 
The aim of this research study is to develop models that can be employed in the failure 
assessment of pipes buried in partially saturated soils. The objectives of the study will 
include the following: 
• Develop a large-scale experimental setup which can capture pipe strains and 
soil stress variations under internal and external loadings. 
• Investigate the response of buried pipes in unsaturated soils under internal and 
external loadings by conducting a series of large-scale buried pipe tests. 
• Propose a closed-form expression to predict the critical stress state of new and 
uniformly corroded pipes buried in unsaturated soils. 
• Develop an analytical model to predict the stress state of non-uniformly 
corroded pipes buried in unsaturated soils under internal and external load 
combinations. 
• Verify the developed models based on experimental data and published field 
test data. 
 
1.4 Layout of Thesis 
The thesis is organised into six chapters as described below. 
Chapter 1 is the introductory chapter that presents the background of the research, 
significance of the study, research objectives and finally a brief outline of the overall 
thesis. 
Chapter 2 describes the previous research studies and technical knowledge related to 
the current study. Initially, it discusses the design and installation of buried pipes and 
then, the behaviour of unsaturated soil and modelling of the unsaturated soil behaviour 
is explored. Subsequently, large-scale experiments and the deterioration of buried pipes 
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are described in this chapter, which also includes the pipe condition assessment 
methods.  
Chapter 3 describes the study of the effect of soil water saturation on buried pipe 
behaviour using a large-scale experimental setup. It discusses the experimental 
procedure, instrumentation, test plan development and results from the experiments. 
Finally, the findings from the test conducted are described and analysed. 
Chapter 4 presents the study on the effect of soil water saturation on the buried pipes 
with the use of 2D and 3D FE analyses and with the use of advanced constitutive soil 
models. First, the traffic load effect on buried pipes when buried in unsaturated soils is 
studied. Subsequently, an equation is developed to predict the maximum pipe stress 
using a series of 3D FE analyses. This chapter describes in detail, the process of the FE 
modelling, and the findings from these studies are presented. 
Chapter 5 describes the use of 3D FE modelling to predict the stress intensity factor 
and maximum stress in corroded pipes with different corrosion patch geometries. First, 
the SIF (Stress Intensity Factor) variation for different corrosion geometries and the 
effect of the corrosion patch geometry is discussed. Then, a series of 3D FE analysis is 
conducted to develop a closed-form equation to predict the maximum pipe stress of 
corroded pipes when buried in unsaturated soil conditions with different combinations 
of internal and external loadings. 
Chapter 6 is the final chapter, which discusses the overall conclusion of this research 
study and provides recommendations for future research, which can be carried out as 
an extension of the presented work. 
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2 Literature Review 
2.1 Introduction 
Pipelines play a vital role in modern society and have grown rapidly in the past few 
decades, due to the ever-increasing needs of socio-economic aspects. Furthermore, pipe 
failures have become a major concern, as they are accompanied by greater economic 
losses as well as public safety and service reliability issues. Therefore, assessing the 
potential failure of buried pipes is required in order to predict their remaining service 
life accurately. 
Pipelines are buried in shallower depths where the soil is mostly in unsaturated 
conditions and subject to different internal and external load combinations. The 
corrosion of the buried pipes is considered one of the main criterion for deterioration. 
However, buried pipe response in unsaturated soil conditions has not been accounted 
for in most current design practices. Furthermore, studies regarding the assessment of 
corroded pipes under different load combinations are limited. Therefore, the existing 
buried pipe design and assessment practices should be investigated properly. The aim 
of this chapter is to review the available design practices, failure analysis criteria, pipe 
deterioration and the effect of unsaturated soil behaviour on corroded pipes. 
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2.2 Design and Installation of Buried Pipes 
2.2.1 Standard design of buried pipes 
One of the main considerations in buried pipe design is the ability to support expected 
internal and external loadings. Based on pipe behaviour, there are two basic 
fundamental approaches to the design of buried pipes which are the ‘Flexible’ and 
‘Rigid’ design (Jeyapalan & Boldon 1986; Moser, A. P. & Folkman 2001; Spangler, 
Merlin Grant & Handy 1982; Whidden 2009). The pipe that obtains a considerable part 
of its supporting capacity from the passive resistance of soil due to relatively large 
deformations is referred to as ‘flexible’, and the pipe with higher stiff walls with 
relatively low deformations and that which resists its imposed loads without 
considerable support from soil is considered ‘Rigid’. The standard design procedures 
for both flexible and rigid pipes are discussed in the following sections. 
2.2.1.1 Design and analysis of Flexible pipes 
Steel, ductile iron and thermal plastic pipes are commonly considered as flexible pipes 
(Moser, A. P. & Folkman 2001). Flexible pipes are designed based on the bases of 
resistance to buckling (compressive yield) and vertical deformation under the 
considered loading combinations (Doyle & Fang 1999). Burial depth, soil stiffness in 
pipe zone and pipe stiffness can be considered as the most essential design parameters 
for flexible pipes (Moser, A. P. & Folkman 2001). Spangler’s equation and the 
modified Spangler’s equation are used in the design of flexible pipes (2.8 and 2.9). 
There are various design standards and design guidelines available to design flexible 
pipes (American Lifeline Alliance (ALA)  2002; AS/NZS 2566.2  2002; AWWA M11  
2016; Moser, A. P. & Folkman 2001). However, in these designs, the unsaturated soil 
behaviour, non-linear behaviour of soil and localised corrosion of buried pipes which 
can be the main drivers in the failure analysis of buried pipes have not been considered. 
2.2.1.2 Design and analysis of Rigid pipes 
Reinforced concrete, asbestos cement, vitrified clay and cast iron pipes are commonly 
considered as rigid pipes (Robert, D.JRajeev, P, et al. 2016). One of the main 
differences in rigid and flexible pipe design is that the deflection of rigid pipes is 
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considered as negligible and flexible pipes can deflect more than 2% without cracking. 
Therefore, there is no horizontal soil support for rigid pipes and they have to withstand 
all the internal and external loads acting upon them (Moser, A.P. & Folkman 2008). 
There are different standard methods and design guidelines available when designing 
rigid pipes, based on the pipe material (AS/NZS 3725  2007; AS/NZS 4058  2007; ASTM 
C1417M-15  2015).  
2.2.2 Pipe installation 
Buried pipe installation depends on various factors such as pipe material, soil condition, 
expected operating conditions and the topography of the pipe laying area. Pipe 
installation conditions can have a significant effect on its external load carrying 
capacity, and this can become a controlling factor in pipe design. This section provides 
an overview of the pipe installation and construction procedures. 
2.2.2.1 Trench excavation 
Trench excavation basically depends on the pipe geometry, design grade and the soil 
type of the pipe laying area. In general, the minimum width of the trench should not be 
less than the pipe’s outer diameter plus 16 inches or 1.25 times the pipe diameter plus 
12 inches (Moser, A. P. & Folkman 2001). It should properly monitor the trenching, as 
collapses can occur during trenching. Proper shoring and bracing should be used 
depending on the expected trench depths and widths. However, for small diameter 
pipes, trench excavations can be carried out without higher risks of trench collapses. 
Further recommendations on trenching for pipes can be found in pipe design standards 
(ASTM D2321  1992; AS/NZS 2566.1  1998; AS/NZS 2566.2  2002; AWWA M11  2016). 
2.2.2.2 Bedding and backfill 
Bedding can be considered as the soil layer between the pipe bottom and the trench 
bottom. Generally, bedding and backfill is constructed with the same material and with 
the same compaction. Bedding basically supports the pipe bottom and therefore there 
shouldn’t be any ridges, hollows and lumps. The bedding and backfill material is 
selected considering the pipe rigidity, size and expected loadings. It can divide the 
pipe’s surrounding into zones depending on the trench and filling condition as shown 
in Figure 2.1, in accordance with AS/NZS 2566.2. There were various studies 
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conducted to investigate the supporting strength of the bedding and the distribution of 
the vertical reaction around the bottom surface of the pipe. Marston, A. and Anderson, 
A. O. (1913) suggested the use of a sand bearing over a 90° arc for the support of the 
buried pipe. Additionally, Marston et al. (1917) tested the effect of the bedding 
condition on the supporting strength. There were pipe laying tests conducted by Schlick 
(1920) to investigate different bedding conditions. There were also many experimental 
and numerical research studies conducted on pipe bedding with various objectives 
(Abolmaali & Kararam 2010; Jeff Boschert & Butler 2013; Jeyapalan & Boldon 1986) 
and most of the current standards are based on the previous research works and 
findings. 
Embedment material should be selected based on the nominal pipe diameter and the 
intended density to be achieved. The maximum particle size of the embedment material 
should be selected based on the Table 2.1. Other than the particle size, the grading of 
the material based on the expected relative compaction to be achieved and the adjacent 
material should be considered. If the adjacent material contains a relatively a high 
amount of fines, the embedded material should be selected to minimise the fine 
migration into the embedded zone, as this can result in the significant loss of pipe 
support and continuing deflection, which may surpass design limits (Moser, A. P. & 
Folkman 2001).  
Figure 2.1 Zones around a buried flexible pipe 
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Table 2.1 Maximum particle size for embedment material (AS/NZS 2566.2  2002) 
 
2.2.2.3 Pipe laying 
The open cut construction method can be considered as the conventional pipe laying 
mechanism, and this method is still widely used for smaller diameter pipe laying 
(Lueke et al. 1999). The trenchless pipe laying method became available in the late 90s 
and it was rapidly developed with the development of machine technologies. 
Furthermore, this method is mostly used for pipe replacements and the laying of 
subsurface pipes ('Trenchless Excavation Construction Methods: Classification and 
Evaluation'  1991; Zwierzchowska 2006). 
In the conventional pipe laying method, the pipe trench should be kept free of water 
during the pipe laying. Therefore, a proper dewatering mechanism should be used 
where necessary (Moser, A. P. & Folkman 2001). Further recommendations and 
instructions for pipe laying can be found in available standards (AS/NZS 2566.2  2002; 
AWWA M11  2016). 
2.2.2.4 Minimum soil cover under surface live load 
It is essential to determine the minimum soil cover to protect the pipe when designing, 
as it is often necessary for vehicles to cross over during the installation period. Failure 
due to a live load occurs when the load ‘punches through’ a truncated trapezoidal 
pyramid or a truncated cone (Figure 2.2) of soil (Card 2012). When calculating the total 
load on the pipe, it considers the pipe surface load (W) and the weight of the soil. 
However, soil weight is ignored, because it is negligible compared to any surface load 
great enough to fail the pipe. At the punch-through, the pressure over the pipe can be 
calculated using Equation 2.1 (Surface live load is W, Tire print breadth is B and length 
is L, P is the pressure at the pressure on pipe), and it can calculate the minimum cover 
height by solving the equation for H when the W is known and when the allowable 
pressure on the pipe P is known (Moser, A. P. & Folkman 2001). 
Nominal Pipe Diameter (mm) Maximum Particle size for embedment 
(mm) 
<100 10 
≥ 100, ≤150 14 
>150 20 
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𝑃 =
𝑊
(𝐵+𝐻)(𝐿+𝐻)
  2.1 
 
 
 
Figure 2.2 Soil stress models for minimum soil cover (Moser, A. P. & Folkman 2001) 
 
2.2.3 Loadings on buried pipes 
Buried pipes experience various categories of loadings. Internal pressure, Soil load, 
Traffic loading, Seismic loading, Frost loading and Loads due to expansive soils are 
some of loading types which buried pipes are exposed to. However, soil load, traffic 
load and internal pressure are the significant loads on a buried pipe under general 
operating conditions. 
2.2.3.1 Soil load on buried pipes 
Soil pressure imposed on a buried pipe mainly depends on the soil and pipe stiffness 
properties. When the pipe is rigid, the fact that lateral pressure is negligible can be 
considered, and for flexible pipes, there can be comparatively higher lateral soil 
pressure, due to the higher deflection. There were various experimental studies carried 
out to investigate the soil pressure variation around buried pipes using different 
approaches. Marston (1930) used friction ribbons in his experiments to measure the 
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normal soil stress and there were many researchers who used membrane-type pressure 
cells (Hoeg 1968; Krizek 1978; Pettibone & Howard 1967; Rude 1983) to investigate 
the soil pressure around buried pipes. Shmulevich et al. (1986) measured both normal 
and tangential soil stress around buried pipes using the plane-stress transducers models 
proposed by Marston, A. and Anderson, A. O. (1913), which can be used to calculate 
soil loads depending on the burial conditions and relative soil-pipe stiffness.  
2.2.3.2 Traffic load 
The effect of traffic load on a buried pipe basically depends on the soil cover height 
(Arockiasamy et al. 2006).Therefore, minimum cover height is the most important 
parameter when evaluating the pipe-soil system response under traffic load. In 1983, 
Watkins and Reeve conducted a series of field tests for buried pipes subjected to 
concentrated traffic loads and found that a soil cover of 305 mm can provide an 
acceptable protection against the deflection of the pipe. There are numerous research 
studies (Chaallal et al. 2015; Kang et al. 2009; Lohnes et al. 1997) which were carried 
out to evaluate the behaviour of surface loadings on the buried pipes by executing field 
and laboratory experiments. Commonly, Boussinesq’s solution (Boussinesq 1885) is 
used to estimate the effect of surface loads on pipes. By using this, the stress variation 
at the pipe crown can be calculated. There are various equations are used to calculate 
the vertical soil stress due to surface loading depending on the surface loading type 
(point load or patch). However, more advanced calculation methods can be found in 
design standards (ANSI/AWWA C101–67 (R1977)  1977; AS/NZS 2566.1  1998) to 
evaluate the effects of traffic loads. 
2.2.3.3 Internal pressure 
Water mains are typically designed to carry pressurised water and therefore should be 
designed to resist internal pressure (Rajani, Balvant & Abdel-Akher 2012). Basically, 
pipes are designed based on two parts: the normal operating pressure and surge 
pressure. Based on pipe material, there are different designated strength classes, for 
instance, cast iron pipes designed in the UK consider class B, C and D for withstanding 
200, 300 and 400 ft of water pressure, respectively (BS 78  1917). Pipes are generally 
manufactured to resist certain internal pressure classes, and the pressure capacity of the 
pipes can be obtained from the manufacturers. 
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2.3 Unsaturated Soil behaviour and Soil Modelling 
2.3.1 Unsaturated soil behaviour 
Although most of the geotechnical designs involve the presence of unsaturated soil 
zones, these zones are simply ignored in practice, assuming that they are either 
completely dry or saturated (Georgiadis et al. 2003). However, in order to predict the 
real soil behaviour under considered design conditions, the mechanical behaviour of 
unsaturated soils should be properly identified. Investigations regarding unsaturated 
soil mechanics have been increasing since the 1950s and extensive research works have 
been conducted related to unsaturated soils in various fields (Baker & Frydman 2009; 
Dastjerdi et al. 2014; Fern et al. 2016; Fredlund et al. 1995; Hu et al. 2014; Loret & 
Khalili 2000; Nuth & Laloui 2008; Robert, D.J. & Soga 2013; Robert, D.J, Soga, K, et 
al. 2016; Saadeldin et al. 2015; Saadeldin et al. 2013). 
The behaviour of unsaturated soil is fundamentally different from saturated or dry soil, 
because unsaturated soil is a three-phase system comprised of soil water and air, while 
saturated or dry soils are two-phase systems (soil with water or air). Bishop (1959) 
proposed an equation to calculate effective normal stress (𝜎′) in unsaturated soils 
considering both pore water pressure (𝑢𝑤), and pore air (𝑢𝑎) as follows (𝜒 is a 
parameter to represent the degree of the saturation of soil and can be between 0–1): 
𝜎′ = (𝜎 − 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤) 2.2 
 
In unsaturated soils, the strength of the soil, volumetric behaviour of the soil and 
hydraulic behaviour of the soil are associated with saturation and suction changes 
(Sheng et al. 2008). Although the equation above is capable of responding to the 
strength variation of unsaturated soils, it does not capture the volumetric behaviour and 
hydraulic changes. Therefore, researchers have attempted to develop constitutive 
models for the mechanical behaviour of unsaturated soils. Alonso et al. (1990) 
developed one of the first constitutive models for partially saturated soils called the 
Barcelona Basic Model. This model was developed based on the Cam-clay model by 
introducing a loading-collapse yield surface (Figure 2.3). Based on this concept, 
numerous models were developed by other researchers (Bolzon et al. 1996; Georgiadis 
et al. 2003; Kohgo et al. 1993; Wheeler & Sivakumar 1995).  
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Figure 2.3 Loading-collapse yield surface, where P0* is the net mean stress at 
saturated state (Alonso et al. 1990) 
 
2.3.2 Effect of unsaturated soil behaviour on buried pipes 
Numerous research studies have been carried out in order to investigate the soil-pipe 
interaction and pipe behaviour in unsaturated soils, as most of the pipelines are 
generally buried in partially saturated soils (Figure 2.4) (Robert, D.J. & Soga 2013). 
 
Figure 2.4 Soil condition around buried pipeline (Robert, D.J. & Soga 2013) 
 
Experimental and FE investigations that were carried out to investigate the soil-pipe 
interaction when the pipe is buried in an unsaturated soil reveal that the behaviour of 
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the soil-pipe interaction is different as compared to when the pipe is in dry or saturated 
soil (Jung Jai et al. 2013; Robert, D.J. & Soga 2013; Robert, D.J, Soga, K, et al. 2016; 
Saadeldin et al. 2013; Weerasinghe et al. 2016). 
2.3.3 Soil models (saturated and unsaturated) 
2.3.3.1 Elastic-plastic soil models 
Elastic-plastic soil models are used within common design applications in geotechnical 
engineering, due to their relative simplicity and the requirement of basic soil properties 
(Oettl et al. 1998; Robert, D. J. 2017; Singh & Singh 2012). The Mohr-Coulomb and 
Drucker-Prager criterion with or without an associated flow rule are widely employed 
in practice, and these two models will be described in detail in the following section.  
Mohr-Coulomb (MC) model 
The MC failure criterion can be presented as a function of (a) major (σI) and minor 
(σIII) or (b) normal stress (σ) and shear stress (τ) on the failure plane (Jaeger & Cook 
1979; Labuz & Zang 2012). Soil is modelled in FE analysis as an isotropic dilatant 
elastic-perfectly plastic material within the MC framework (Robert, D. J. 2017). Stress-
strain relation in the elastic region of the model can be defined as follows: 
𝜎 = 𝐷𝑒𝑙𝜖𝑒𝑙  2.3 
 
Where σ is the stress, 𝐷𝑒𝑙 is the fourth order elasticity tensor and 𝜖𝑒𝑙 is the elastic strain. 
In the MC criterion, the fact that yield occurs is considered when shear stress reaches 
a value that depends linearly on the normal stress in the same plane. The model is 
defined with three stress invariants for general states of stress as follows (ABAQUS 
2011): 
𝐹 = 𝑅𝑚𝑐𝑞 − 𝑝 tan ∅ − 𝑐 = 0  2.4 
 
Where ∅ is the friction angle and c is the cohesion. 
𝑅𝑚𝑐(𝛩, ∅) =
1
√3 cos ∅
sin(Θ + 𝜋/3) +
1
3
cos( Θ + 𝜋/3) tan ∅ 
cos(3Θ) = (
𝑟
𝑞
)
3
 : Θ is the deviatoric polar angle 
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𝑟 = (
9
2
𝑆𝑖𝑗𝑆𝑗𝑘: 𝑆𝑘𝑖)
1/3
 
 
𝑞 = √
3
2
𝑆𝑖𝑗𝑆𝑖𝑗 
Where 𝑆𝑖𝑗 is the deviatoric stress tensor which is defined as 𝑆𝑖𝑗 = 𝜎𝑖𝑗 + 𝑝𝛿𝑖𝑗 (𝛿𝑖𝑗 : 
Kronecker delta) 
And 
𝑝 = −1/3(𝜎11 + 𝜎22 + 𝜎33) 
In general, plastic flow is non-associated and a flow function proposed by Menetrey 
and William (1995) is used for the MC yield surface defined with a smooth elliptical 
function in the deviatoric stress plane, and the flow potential 𝐺 is defined below: 
𝐺 = √(𝜀𝑐0
′ tan 𝜓)2 + (𝑅𝑚𝑤𝑞)2 − 𝑝 tan 𝜓  2.5 
Where 
𝑅𝑚𝑤 =
4(1 − 𝑒2) cos2 Θ + (2𝑒 − 1)2
2(1 − 𝑒2) 𝑐𝑜𝑠 Θ + (2𝑒 − 1)√4(1 − 𝑒2)𝑐𝑜𝑠𝛩 + 5𝑒2 − 4𝑒
 𝑅
𝑚𝑐(
𝜋
3,∅)
 
𝑅
𝑚𝑐(
𝜋
3,∅)
=
3 − 𝑠𝑖𝑛∅
6𝑐𝑜𝑠∅
 
Where 𝜓 and ∅ are the friction angle and dilation angle (measured in the p-𝑅𝑚𝑤𝑞 
plane); 𝑐0
′  is the initial cohesion yield stress, Θ is the deviatoric polar angle defined 
previously; 𝜀 is called the meridional eccentricity that defines the rate at which the 
hyperbolic function approaches the asymptote; and e is a parameter referred to as the 
deviatoric eccentricity, which describes the ‘out-of-roundedness’ of the deviatoric 
section in terms of the ratio between the shear stress along the extension meridian 
(Θ=0) and the shear stress along the compression meridian (Θ=𝜋/3) (ABAQUS 2011). 
Drucker-Prager Criterion 
The Drucker-Prager model can be considered as a generalisation of the MC model by 
Drcker and Prager (1952), and it is a three-dimensional pressure-dependent model that 
estimates the stress state at which the material reaches ultimate strength (Alejano & 
Bobet 2012). There were numerous research studies that modified the Drucker-Prager 
criterion and formulation for the failure criterion, which can be found in various studies 
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(ABAQUS 2011; Aubertin, Michel et al. 1999; Aubertin, M. & Simon 1996; Lubarda 
Vlado et al. 1996; Priest 2005). Figure 2.5 shows the graphical representation of the 
MC and Drucker-Prager models. 
Mohr-Coulomb
Drucker-Prager
σ3 
σ2 σ1 
 
Figure 2.5 MC and Drucker-Prager in deviatoric plane (ABAQUS 2011). 
 
2.3.3.2 Modified MC model 
The original MC model was modified by numerous researchers in order to simulate 
material behaviour more accurately (Han et al. 2016; Jia et al. 2010; Li, SQ et al. 2016; 
Robert, D. J. 2017; Rukhaiyar & Samadhiya 2017; Tian, H et al. 2013). Robert, D. J. 
(2017) proposed a modified MC model, as the softening behaviour of the material 
cannot be captured with the original MC model. Furthermore, this behaviour was 
modelled by reducing the mobilised friction (∅𝑚𝑜𝑏
,
) and dilation angle (𝜓𝑚𝑜𝑏
,
) as shown 
in Figure 2.6. In the proposed model, the elastic behaviour of the model was kept 
unchanged while the plastic behaviour was defined with the softening of the yield 
surface and flow potential based on deviatoric strains. These formulations have been 
incorporated into the ABAQUS/Standard through a user subroutine to simulate the 
unsaturated soil behaviour in FE models (Robert, D.J. 2010). 
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Figure 2.6 Variation of mobilised friction and dilation angle with plastic deviatoric 
shear strain (Robert, D.J. 2010) 
 
2.3.3.3 Nor-sand model 
In this research study, the Nor-Sand model (Robert, D.J, Soga, K, et al. 2016) was used 
in order to simulate the unsaturated behaviour of soil. In the Nor-sand model, a single 
set of input parameters for a particular sand type irrespective of its initial state is 
required. The saturated version of the Nor-Sand model has been modified in 
conjunction with Bishop’s generalised effective stress framework (Robert, D.J. 2010). 
In addition to the conventional density and stress dependency on the peak friction angle 
via the state parameter concept (Been & Jefferies 1985), the unsaturated version 
includes the effect of increasing apparent tensile strength by water meniscus at particle 
contacts (cohesion enhancement) as well as enhanced dilation (dilation enhancement). 
This is achieved by increasing the size and changing the position of the yield surface 
(Robert, D.J. 2010). Further details of the unsaturated Nor-Sand model can be found in 
Robert, D.J, Soga, K, et al. (2016), Fern et al. (2016), Robert, D.J. et al. (2016), and 
Robert, D.J. (2010). The properties of the calibrated Nor-Sand model, based on the 
triaxial testing of the saturated and unsaturated sands can be found in Robert, D.J. 
(2010) and Robert, D.J. et al. (2016).  
 
Chapter 2  Literature Review 
 
19 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
(b) 
Figure 2.7 Schematic of unsaturated Nor-Sand model based on (a) Cohesion 
enhancement (b) Dilation enhancement 
2.3.4 Numerical modelling of pipe-soil interaction 
Pipe-soil interaction is an important mechanism that can control the behaviour of buried 
pipes (Liu, W et al. 2018). There were various research studies conducted to investigate 
the soil-pipe interaction. Wang, LRL and Cheng (1979) proposed a quasi-static analysis 
model for Soil-Pipe interaction, where the interaction between pipes and soil is 
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modelled as an elastic spring, and the spring stiffness values for different pipes and 
soils types were obtained and presented in 1983 (Wang, LRL 1983). This model has 
been widely adopted by many researchers and design practices (Committee on Gas and 
Liquid Fuel Lifelines of the ASCE Technical Council on Lifeline Earthquake 
Engineering  1984; American Lifeline Alliance (ALA)  2002; Ariman & Muleski 
Gregory 1981; Datta 1999; Liu, W et al. 2015; M.J. & Liu 1999; Shi 2015). 
Furthermore, several theoretical methods have been presented to calculate the stiffness 
of pipe-soil springs (Committee on Gas and Liquid Fuel Lifelines of the ASCE 
Technical Council on Lifeline Earthquake Engineering  1984; ALA 2001, 2005; 
Matsubara & Hoshiya 2000). Due to the complexity of the soil-pipe interaction and to 
simulate accurate predictions, researchers began using numerical approaches to 
simulate the pipe-soil interaction (Chatterjee et al. 2012; Guo, P 2005; Manolis et al. 
1995; Robert, D.J. 2010; Tian, Y & Cassidy Mark 2008; Yimsiri et al. 2004).  
Yimsiri et al. (2004) investigated the lateral and upward pipe-soil interaction in sand 
for deep embedment conditions using numerical modelling. In the numerical models, 
soil was modelled using the MC and Nor-Sand models and the soil and pipe was 
represented by 8-node biquadratic, reduced integration continuum elements. The 
interface between pipe and soil was modelled using surface-based contact, where slip 
and separation between pipe and soil is allowed. The results from numerical models 
were compared with the experimental data obtained by Trautmann and O’Rourke 
Thomas (1983) as shown in Figure 2.8. As can be seen in the results, the FE results 
agree reasonably well with the experimental data for both soil models for lateral pipe 
movements. 
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Figure 2.8 Comparison of numerical and experimental results (Yimsiri et al. 2004) 
 
Guo, P (2005) conducted numerical studies to investigate the pipe-soil interaction 
under oblique loading and all the analyses were conducted using the 
ABAQUS/Standard software package. In the analyses, soil was modelled as von Mises 
elastic-perfectly plastic and the associative flow rule was adopted to determine plastic 
strains. In addition, the pipe-soil system was simplified as a two-dimensional plane 
strain system. The soil and pipe were represented by 8-node biquadratic continuum 
elements and 3-node quadratic beam elements, respectively. The interface between 
pipe and soil was implemented using the contact surface method in ABAQUS/Standard 
and the pipe-soil interface was assumed to be adhesive, i.e. no sliding prior to shear 
stress reaches ultimate value. Guo, PJ and Stolle (2005) conducted another numerical 
study to investigate lateral soil-pipe interaction in sand with reference to mesh scaling. 
In this study, pipe and soil were modelled with the same elements as described in the 
previous study (Guo, P 2005). Results from the study were compared with the 
centrifuge model experiments to validate the numerical models as shown inFigure 2.9. 
As can be seen in the results (dimensionless load against the dimensionless 
displacement of a pipeline with D=0.33m and H/D =2.85 buried in dry sand), the 
loading response from strain hardening predicted a reasonably good match with 
centrifuge model results. However, pipe response when the soil is hardening and non-
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hardening shows a substantial difference at the post-peak of the loading response as 
shown in Figure 2.9. Furthermore, the study revealed that the mobilised strength and 
dilation of the soil can be a function of mesh discretisation and hence the resultant 
pipeline response can depend on the FE element size unless the evolution of shear strain 
in the FE model has not been normalised by the characteristic element size of the mesh. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 The effect of strain hardening on pipe response compared with centrifuge 
model results: H/D=2.85 (Guo, PJ & Stolle 2005) 
 
Although there is a considerable contribution to the field of numerical modelling of 
pipe-soil interaction in dry or fully saturated soils, research studies contributing to 
pipeline behaviour under partially saturated conditions are very limited, especially 
under internal and external loadings. Therefore, current research studies the behaviour 
of corroded and non-corroded pipelines in unsaturated soils under different loading 
combinations numerically and experimentally. 
2.4 Large-Scale Tests on Buried Pipes 
Large-scale tests allow for the simulation of field conditions and the monitoring of 
required behaviours. However, it should be noted that executing a test with similar filed 
conditions is inevitable in a laboratory environment (Rofooei et al. 2012). When 
designing a large-scale tests setup, it is important to implement proper boundary 
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conditions, end conditions of the pipe, loading method and instrumentation to gain the 
data.  
2.4.1 Large-scale buried pipe tests by Tokyo Gas Co. Ltd., Japan 
Large-scale experiments were conducted at the Pipeline Engineering Research 
Laboratory (PERL) of Tokyo Gas Co. Ltd., Japan in order to investigate the effect of 
soil saturation (or effect of suction), the rate of loading and different soil densities on 
buried pipelines. 
2.4.1.1 Experimental setup 
The PERL experimental setup included a test compartment, a loading cell, a counter 
weight system, overhead crane, sensors and data acquisition system as shown in Figure 
2.10. 
Figure 2.10 Experimental setup used for PERL experiments (Robert, D.J. 2010). 
 
A moving base was used in order to apply displacement to the soil and the pipe was 
connected to load cells using a steel rope to monitor the loads exerted on the pipe. 
Displacement gauges were used to monitor the horizontal and vertical displacements, 
and soil pressure sensors were used to monitor the soil pressure variations around the 
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boundaries in order to monitor the boundary effect. The pipe ends were fixed in the 
horizontal direction and kept free in the vertical direction (Robert, D.J. 2010). 
2.4.1.2 Test preparation 
In the testing, sand was filled and compacted with 150 mm thick layers (slight changes 
were made where necessary) and a mechanical vibrator was used for compaction. The 
densities and moisture contents in each layer were measured to ensure the uniformity 
of the compacted soil. 
2.4.1.3 Test results 
In the PERL experiments, 8 tests under unsaturated conditions were conducted and 2 
tests were conducted based on dry conditions. According to the test results, it was 
observed that soil loadings on the pipeline is a function of initial density. Further, it 
was observed that the soil load on the pipe is higher when the soil is in unsaturated 
conditions than that in dry conditions as shown in Figure 1.3. 
2.4.2 Pipe-soil friction experiment at the Trenchless Technology Center, 
Louisiana 
A large-scale experimental study was conducted at the Trenchless Technology Center, 
Louisiana in order to evaluate soil-pipe friction coefficients for different types of pipe 
surface conditions and soils (Alam et al. 2013). 
2.4.2.1 Experimental setup 
In this experiment series, a soil chamber 6ft in width, 12ft in length and 5ft in height 
was used. Furthermore, an air bladder system was used to apply the overburden 
pressure. Earth pressure cells (EPC) were placed around the pipe to monitor the soil 
compression and an actuator was used to pull the pipe during the test.  
Figure 2.11 shows the placement of the EPC and the test chamber ready for testing. 
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Figure 2.11 Test setup and EPC placement (Alam et al. 2013). 
 
2.4.2.2 Test preparation 
The inner walls of the soil box were covered with layers of polyethylene sheets, and 
lubrication was applied in between layers in order to minimise the shear effect between 
the soil and the chamber’s walls. Soil was filled and compacted with 6inch layers up to 
the pipe invert level and then the pipe was inserted into the box through circular 
openings in the chamber (Figure 2.12). After completing the filling of the soil, a rubber 
bladder was placed to apply the overburden pressure (Alam et al. 2013). 
 
Figure 2.12 Soil box covered with polyethylene sheets (Alam et al. 2013) 
 
Circular opening 
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A cap with two threaded taps at one end of the pipe was used to fill the water in the 
pipe, and the pipe was filled with water using one tap, while simultaneously purging 
the air from the other as shown in Figure 2.13. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 Water supply attachment to the pipe (Alam et al. 2013) 
 
2.4.2.3 Test results 
In this test series, thirty nine different tests were undertaken under different soil types, 
overburden pressures and moisture contents. According to the results, it was observed 
that the pulling force is higher for gravel soils than fine grained soils. Furthermore, the 
pulling force increases with the increase of the depth or overburden pressure. The 
friction factor for fully saturated sand was found to be similar to that measured for the 
sand with optimum moisture level condition. 
2.4.3 Cornell University pipeline experiment 
A series of physical model tests were executed at Cornell University to investigate the 
behaviour of the lateral displacement of a pipeline buried in unsaturated soil. The effect 
of initial dry sand density, pipe embedment depth and pipe diameter was investigated. 
2.4.3.1 Experimental setup 
The experiment setup used a 2.4m x 2.4m x 1.8m steel frame as the soil compartment, 
and the pipe loading system, data acquisition system and soil handling equipment was 
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included (Figure 2.14). In the experiment setup, a pair of hydraulic actuators was used 
to apply lateral force to the buried pipe. 
 
Figure 2.14 Experimental setup used for Cornell University experiments (Robert, D.J. 
2010) 
 
2.4.3.2 Test preparation 
When preparing the soil for the test, water was added to the soil before placing the soil 
into the test box, and it was allowed few days to make sure that the water content in the 
soil was uniformly distributed prior to being placed in the test box. As a higher amount 
of soil was used for the test, a flexible chute was used to place the soil into the box with 
the help of the conveyors as shown in Figure 2.15. Soil with 100 mm thick layers was 
placed, a plate tamper was used to compact the soil and the density of the soil layers 
was monitored using a nuclear density gauge. After preparing the test setup, the buried 
pipe was pulled through the soil to a distance of 250 mm at the rate of 2.54 mm/s using 
the hydraulic actuators, and the force was monitored using load cells. Several tests were 
conducted using this setup to investigate the effects of initial dry sand density, pipe 
embedment depth and pipe diameter. 
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Figure 2.15 Soil placing system, compactor and nuclear density gauge (O'Rourke et 
al. 2008). 
 
2.4.3.3 Test results 
In this ground movement simulation testing, it was demonstrated that there is no 
significant difference in the maximum horizontal force exerted on the pipeline when it 
is buried in dry or unsaturated conditions due to ground rupture. Furthermore, 
experimental results for the soil pipeline interaction were compared to numerical 
modelling and the favourable comparison between experimental and numerical results 
was shown. 
2.4.4 Limitations of large scale tests 
As presented previously, there is considerable number of large scale tests performed in 
related to buried pipes. However, most of these studies focused on soil loads on pipes 
due to large relative displacement of soil, with no consideration of pipe operational 
loads such as internal pressure or external traffic loads (Section 2.4.1, Section 2.4.3). 
For example, tests at Louisiana (Section 2.4.2) focused on soil-pipe friction force 
coefficients. While these studies contribute to the understanding of pipe response in 
partially saturated soil medium, limited knowledge is available on moisture variation 
influence using a carefully controlled experimental setup. It is challenging to find or 
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no experimental studies available to understand how the changes in degree of soil 
saturation could affect the pipe behaviour under operating conditions while other main 
parameters of the problem domain remain controlled using a systematically develop 
experimental technique. For example, how the soil saturation changes can impact the 
pipe behaviour under controlled internal water pressure and external traffic loads can 
be largely important for the design of water pipes which are mostly buried under 
unsaturated soil conditions. 
Therefore, current study presents an experimental program that was designed to 
investigate the soil saturation effect of buried water pipes subjected to operational 
loads. 
2.5 Deterioration of Buried Metal Pipes 
Corrosion can be identified as one of the most important factors that can cause failures 
in metal pipes (Sadiq et al. 2004). The buried pipe environment can have a significant 
contribution towards its deterioration (Liu, Z et al. 2010) through pipe corrosion. In the 
following section, the basics of metal corrosion and corrosion on buried pipes is 
described. 
2.5.1 Basics of metal corrosion 
Denison and Darniele (1957) introduced the basic theory of electrochemistry regarding 
the pitting corrosion of ferrous metals in soils and this was further investigated by 
Rossum (1969). In metal corrosion, initially it establishes anodic and cathodic areas 
where the anode is located based on microstructural or local effects. For instance, the 
local effect can be due to a crack in the iron oxide layer, where an anode will be formed 
at the base of the crack and a cathode will be formed on the surface (at some distance 
from the crack). There will be anions’ (OH-, Cl-) movement from the cathode to the 
anode and cation will move from the anode to the cathode. With the ion movements, it 
will develop a film or ‘tubercle’ over the pit, which is a thin layer of ferrous hydroxide 
[Fe(OH)2]. With the corrosion reaction, this layer will develop and expand, so the top 
surface will be converted to ferric hydroxide [Fe(OH)3] and later, an intermediate layer 
of magnetite (Fe3O4) will be created. The formation of these layers will restrict the 
exchange process of the anions and cations. Therefore, ferrous ions will accumulate 
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close to the anode and hydroxide ions will accumulate close to the surface (Cole & 
Marney 2012). 
2.5.2 Corrosion of buried pipes 
As mentioned above, corrosion is the main deterioration mechanism (or driver towards 
failure) in buried metal pipes. Failures induced by corrosion are common in all buried 
metal pipes regardless of their diameter. Corrosion can be classified depending on their 
pattern on the corroded surface. Pipe corrosion can be categorised into three main 
categories: general corrosion, patch corrosion and pitting corrosion (Rajeev et al. 
2014), where uniform corrosion can be described as the uniform reduction of pipe wall 
thickness over the surface, where parch corrosion can be identified as a cluster of 
geometrically interacting pits or the reduction of thickness in a part of the surface and 
where pitting corrosion is the metal loss in localised regions (there are three types as 
shown in Table 2.2). 
Table 2.2 Pipe corrosion types (Rajeev et al. 2014) 
Corrosion type Field observation Idealisation of the geometry 
General 
Corrosion 
 
 
 
 
Patch 
Corrosion 
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Pitting 
Corrosion 
a) Single pit 
 
 
 
b) Non-interacting pit cluster 
 
 
 
c) Multiple interacting pit 
cluster 
 
 
 
*‘s’ is the length of the pit 
Pitting corrosion can be identified as localised metal loss, which can be characterised 
by a pit diameter (API 579-1/ASME EFS-1  2007). Additionally, pits can be further 
categorised into Single pits, Non-interacting pit clusters and Multiple interacting pit 
clusters based on whether pits are geometrically linked with each other or not (Rajeev 
et al. 2014). 
2.5.3 Pipe failure modes 
The pipe failure process is a complex phenomenon that is being investigated at present 
by many researchers. It describes the common failure modes of the pipes during their 
service life. There can be various mechanisms that can describe the failures of pipes, 
but the failure modes refer to the actual manner in which pipes fail. Basically, failure 
modes depend on the diameter of the pipe. Smaller diameter pipes are more susceptible 
to longitudinal bending failures, because they have smaller moments of inertia (low 
working pressures). Larger diameter pipes have the tendency towards longitudinal 
cracking and shearing at the bell due to higher moments of inertia as they work under 
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higher working pressures (Makar et al. 2001). The following description presents some 
common failure modes of pipes as described by Makar et al. (2001). Most of the failure 
modes are caused by corrosion itself or the presence of corrosion in conjunction with 
other loading cases as shown in Table 2.3.  
Table 2.3 Commonly observed failure modes and corresponding driving factors 
(Rajeev et al. 2014) 
Failure mode Driving factors 
Blowout holes Internal pressure, corrosion 
Longitudinal split Internal pressure, corrosion 
Circumferential cracking Soil movement, external loads, construction defects 
Pin hole Corrosion 
 
2.5.3.1 Blowout holes 
This failure mode occurs due to both corrosion and working pressure. This failure can 
be observed when the pipe wall has lost its thickness with corrosion up to the point 
where the water pressure can blow out the remaining wall. Depending on the level of 
corrosion, this can be ended with a small or a large hole in the pipe. 
2.5.3.2 Longitudinal split 
A longitudinal split is more related to large diameter pipes. Internal pressure and 
external loads acting along the pipe with corrosion can have an impact on this type of 
failure mode. In this type of failure mode, a crack propagates along the length of the 
pipe once initiated. In some instances, it can be identified that cracks have formed on 
the opposite sides of the pipe as well (Figure 2.16). As a result of this failure mode, it 
can be observed that the removal of a pipe section along its length creates a larger hole.  
 
 
 
 
Figure 2.16 Longitudinal splitting of pipe (Makar et al. 2001) 
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2.5.3.3 Circumferential cracking 
This is the most common failure mode for small diameter (<380 mm diameter) pipes 
(especially grey cast iron). This failure mode is also known as bending or flexural 
failure (Rajani, B. & Kleiner 2001), as bending forces applied to the pipe cause this 
mode of failure. In this type of failure, the crack propagates across the circumference 
of the pipe. Soil movement, poor compaction and external loadings are the main 
contributing factors for this failure mode as shown in Figure 2.17. 
 
Figure 2.17 Circumferential cracking of pipes (Rajani, B. & Kleiner 2001)  
 
2.5.3.4 Pin hole 
The pitting corrosion causes the pipe to lose its wall thickness, leading to pin holes. 
The main driving factor behind this failure mode is corrosion. This kind of failure 
occurrs due to higher corrosion (i.e. pipes buried in a highly corrosive environment) or 
due to long service life. 
2.6 Pipe Condition Assessment 
2.6.1 Pipe stress prediction models 
Pipes are typically designed to resist expected internal and external loadings during 
their service life. The traditional design methods of buried pipes have been based on to 
provide sufficient pipe structural capacity against expected loads with an adequate 
margin of safety (Rajani, B. & Kleiner 2001). Pipe stress prediction with expected loads 
is one of the critical steps in the design and evaluation of buried pipes. In this section, 
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some widely used pipe stress prediction equations and one recently developed equation 
will be presented. 
2.6.1.1 Ring and modified ring model 
In the ring and modified ring models, the stress of a cross section cut by a plane 
perpendicular to the axis of the pipe is considered. The ring and modified ring model 
analyses are more applicable for rigid pipe analysis, as the deflection of the pipe is not 
considered in these models. These two models are based on two different types of soil 
stress distributions around the pipe (Watkins, Reynold King & Anderson 1999). The 
ring model is suited to loose side-fill (uncompacted), as lateral earth pressure is not 
considered in such a case, while the modified ring model is suited to dense side-fill 
conditions (compacted), as there are provisions for the lateral earth pressure on the 
pipe(Robert, D.JRajeev, P, et al. 2016; Watkins, Reynold King & Anderson 1999). 
Figure 2.18 Two soil stress distribution assumptions for the analysis of rigid pipes. 
 
Considering the stress distribution shown in Figure 2.16(a), the maximum pipe stress 
due to soil and traffic loadings can be calculated using Equation 2.5, which can be 
derived analytically.  
 2.6 
 
Where q is the uniform vertical stress due to soil and traffic loadings, t is the pipe 
thickness and D is the pipe diameter. 
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For the assumed soil stress distribution in Figure 2.16(b), the maximum stress of the 
pipe can be calculated as shown in Equation 2.6, which is referred to as the modified 
ring equation. 
2.7 
Where k is the coefficient of lateral earth pressure and other symbols represent the same 
parameters as in Equation 2.5. 
In the ring and modified ring model, soil and pipe stiffness are not considered and 
predictions from these models can be affected due to this limitation. One other 
limitation of this model is the lack of saturation effect, which is also a limitation in 
most of the available models.  
2.6.1.2 Spangler stress formula 
Spangler’s work on the effect of cover height and traffic loading on buried pipelines 
are a great contribution in the field of buried pipe evaluation, and the Spangler stress 
formula is still in use in many design practices (API RP 1102, GPTC). The Spangler 
stress formula computes the additive circumferential bending stress at the pipe invert 
due to soil and surface loads as shown in Equation 2.7 (Warman et al. 2007): 
2.8 
Where Kb and Kz are the bending moment and deflection parameters, respectively and 
these are dependent on the bedding angle. Values for Kb and Kz can be found in Moser, 
A.P. and Folkman (2008). E is the pipe modulus of elasticity (psi), t is the thickness of 
the pipe wall (inches), r is the mean radius of pipe (inches) and P is the internal pressure 
(psi). Wvertical is the vertical load due to backfill and surface loads including an impact 
factor. The Marston load theory (Marston, A. & Anderson, A.O. 1913) uses to calculate 
the soil load and Boussinesq’s (Boussinesq 1885) solution uses to calculate soil stress 
due to surface loads when computing Wvertical.  
Chapter 2  Literature Review 
 
36 
 
3'
3
061.0 rEIE
KrWD
x zverticalL


333 '732.024
6
rErPKtE
rtEWK
z
verticalb































































































k
D
h
E
p
E
E
hD
W
D
t
hD
W
D
t
E
p
h
E
E
E
hDW
D
ss
p
ss
s
p
7654
2
3
2
212
2
76
5
4
3
21
1
1
1 













2.6.1.3 Modified Spangler formula 
Ring deflection is more important in the design of flexible pipes. In 1941, Spangler 
published the Iowa formula (Eq.2.8) that calculates the horizontal deflection of buried 
pipes due to soil and surface loadings. 
2.9 
Where DL is the deflection lag factor, I is the moment of inertia of the pipe wall section, 
E’ is the modulus of passive soil resistance,  x is the horizontal diameter change and 
other terms are the same as in previous equations. 
The Iowa formula (Eq.2.8) consists of the term E’ that describes the effect of lateral 
soil resistance, but the Spangler stress formula does not include this lateral soil 
resistance effect. By combining these two equations (Eq.2.7 & Eq.2.8), the modified 
Spangler formula can be derived as shown in Equation 2.9 (Warman et al. 2007): 
2.10 
The modified Spangler formula predicts pipe stress more accurately than the Spangler 
formula, as it considers the lateral earth support on the buried pipe.  
2.6.1.4 Monash method 
Considering the internal and external loadings on buried pipes, Robert et al. (2016) 
developed an equation to predict maximum pipe stress based on a series of 3D finite 
element analyses as shown in Equation 2.10. 
 
 
 
2.11 
The regressed model coefficients in this equation are shown in Table 2.4, and these 
coefficients were calculated based on the results from the numerical analyses 
performed. 
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Table 2.4 Regressed model coefficients [3] 
Coefficient α1 α2 α3 α4 α5 α6 α7 
Value 0.12 4.08 1.76E+06 7.65E+04 4.17E+06 -
3.23E+07 
-
3.55E+07 
Coefficient β1 β2 β3 β4 β5 β6 β7 
Value 0.086 0.94 0.89 0.88 0.94 -0.51 -0.71 
 
This model can be used to calculate the maximum pipe stress due to internal and 
external loadings. However, there are limitations due to the selected variable ranges 
and the soil types. All the models described here cannot be used to predict pipe stress 
when the pipe is buried in unsaturated soil. Furthermore, most of the models do not 
consider the non-linear behaviour of soil during the application of external loads. In 
this study, stress prediction models were developed to address these limitations that 
can be identified in the current models. 
2.6.2 Stress intensity factor and stress concentration factor 
Stress intensity and concentration factors are important in defining the failures of pipes. 
As in this research study, identifying failures of pipes that can be related to risk 
assessment is expected, it is important to evaluate the stress intensity factor and 
concentration factor to define pipe failures. 
Many of the pipe failures have been traced to surface cracks (which may be due to 
corrosion, manufacturing defects or loadings). The Crack growth and the fracture 
strength of pipes can be predicted with the accurate stress analysis of those cracks or 
flaws in pipes. Many research studies have been conducted regarding the stress analysis 
of cracks or flaws considering the stress intensity factor and stress concentration factor 
(Ji et al. 2015; Lekkerkerker 1966; Li, CQ & Yang 2012; Raju & Newman 1982; Tada 
et al. 2000; Wang, X 1998). 
2.6.2.1 Stress concentration factor (kt) 
The stress concentration factor is used to analyse the stress at a point close to some type 
of discontinuity with well-defined geometries. When considering buried pipes, due to 
various types of corrosion patterns, the concept of the stress concentration factor can 
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be used to analyse their stress (Ji et al. 2015). The stress concentration factor can be 
used to calculate the maximum stress due to applied loadings when there is a 
discontinuity as shown in Eq.2.11 (Barsom & Rolfe 1999).  
𝜎𝑚𝑎𝑥 = 𝑘𝑡 × 𝜎𝑛𝑜𝑚  2.12 
Where 𝜎𝑚𝑎𝑥 is the local maximum stress due to discontinuity, 𝑘𝑡 is the stress 
concentration factor and 𝜎𝑛𝑜𝑚 is the nominal stress due to applied loadings. 
2.6.2.2  Stress intensity factor (K) 
Stress intensity factor analysis is based on the principles of linear elastic fracture 
mechanics (LEFM). This procedure is related to the stress field variation around a crack 
tip with the nominal stress applied, size of the crack, shape of the crack and orientation 
of crack (Barsom & Rolfe 1999).  
From the fundamental principle of fracture mechanics, the stress field ahead of a crack 
can be characterised with a single parameter that is called the stress intensity factor. 
The stress intensity factor relates the local stresses and strains to the remote or nominal 
stresses and strains (Rajani, B. & Kleiner 2011). 
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There are three basic modes of crack surface displacements depending on the 
movement of two crack surfaces as shown in Figure 2.19. The stress field ahead of a 
crack can be described using single term parameters KI, KII, KIII that correspond to 
Mode I, II and III respectively. 
The magnitude of stress intensity factors depends on the crack length, magnitude of the 
applied nominal stress (σnom), geometry of the member and crack geometry. The 
general form of the stress intensity factor is shown in Eq.2.12. 
𝐾 = 𝜎𝑛𝑜𝑚√𝑎 × 𝑓(𝑔)  2.13 
Figure 2.19 Basic modes of crack surface displacements (Barsom & Rolfe 1999) 
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Where 𝑓(𝑔) is the correction factor that depends on specimen and crack geometry. 
There are already certain relations developed in order to calculate the stress intensity 
factor for various specimens, crack geometries and loading conditions (Paris & Sih 
1965; Rooke & Cartwright 1976; Sih 1973; Tada et al. 2000). 
2.7 Summary 
This chapter presented the available research studies and knowledge related to buried 
pipe studies. Firstly, a review was conducted on the available standards of buried pipe 
design/installation and identified that current design practices cannot accommodate soil 
saturation effect in their design process. The review was then extended to capture 
knowledge on the effects of loadings such as from soil load, traffic load and internal 
pressure on the buried pipes. These loadings were employed in this research study to 
predict pipe stress. 
Unsaturated soil behaviour and soil modelling was described and numerical studies 
related to buried pipe behaviour was reviewed to identify their limitations. The review 
identified that most of the numerical studies were carried out to simulate dry or fully 
saturated soils, and limited research studies were carried out to investigate effect of soil 
saturation on buried pipes. 
There were number of experimental studies related to large scale buried pipe tests and 
related studies were presented in this chapter to facilitate the development of the 
experimental setup and procedure in the current study. As discussed here, it is 
challenging to find any experimental study which was conducted to investigate the soil 
saturation effect on buried pipe behaviour under different internal and external load 
combinations. 
Available analytical pipe stress prediction models were also reviewed, and limitations 
of those models were described. Furthermore, pipe failure modes and basic theories of 
SIF were reviewed to understand the different considerations of pipe failure analysis. 
The review captures that no closed form solutions are available to predict the buried 
pipe stress state considering soil saturation and soil plastic behaviour.  
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3 Experimental evaluation of soil saturation effect on buried pipes  
3.1 Introduction 
As elaborated in Chapter 2, it is important to understand the influence of soil moisture 
which can drastically impact the buried pipe response under operational loads. 
Comprehensive literature review conducted has revealed that large-scale experimental 
studies regarding buried pipes related to the soil saturation effects are scarce. The 
available studies on buried pipes in unsaturated soil are mostly based on numerical 
modelling which analyses the pipe behaviour using a calibrated soil model developed 
on the basis of fundamental unsaturated soil characteristics. In the current study, the 
effect of soil saturation on buried pipe behaviour is investigated using a comprehensive 
large scale experimental setup which can accommodate realistic load combinations of 
traffic load and internal pressure. This chapter presents a detailed methodology of large 
scale testing which was used to obtain pipe deformations as well as soil stresses in 
reference to a cast iron pipeline buried in low plasticity clay under different soil 
saturation levels. The results obtained from large scale experiments are compared with 
those of 3 dimensional finite element models that were calibrated against unsaturated 
soil tests. The calibrated 3 dimensional finite model then forms a basis for detailed 
investigation of buried pipe behaviour under various loadings in unsaturated soil 
conditions. 
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3.2 Development of a Large-Scale Experimental Setup 
3.2.1 Selection of test box dimensions 
It is important to select optimised box dimensions when conducting a large-scale 
experiment in order to minimise resource consumption and time. Number of three 
dimensional numerical models was tested to determine the optimised dimensions for 
the experimental setup. The variation of soil stress depending on the boundary 
condition under application of internal and external loadings over the buried pipes was 
monitored. The selected box dimensions utilised in the numerical study are shown in 
Table 3.1. Box 1, 2 and 3 have increased sizes in length, width and depth and the box 
optimised shows the selected dimension to study the moisture influence on pipe 
behaviour under loadings. All the loadings were kept identical for all the models 
(internal pressure =0.6 MPa, traffic load =20 kN). Traffic load was applied as a path 
load (with a radius of 0.1 m) over the surface as recommended in Austroads 2010). 
Table 3.1 Dimension categories selected for FE models 
Description Length- L 
(m) 
Width (m) Total Depth (m) 
Box1 1 0.5 1 
Box2 3 1.5 1.5 
Box3 5 3 2 
Box Optimised 2 0.75 0.797 
 
Results from the FE analysis on different model sizes revealed that the soil stress 
variation was not influenced by the boundary conditions when model dimensions were 
larger with respect to the pipe diameter. Figure 3.1 shows the variation of the vertical 
soil stress along the pipe under the same internal and external loadings for different 
model geometries. The results from the numerical study reveal that the boundary effects 
can be minimised for longer pipes. For the optimisation purpose, the length of the pipe 
was selected as 2m, beyond which there is no soil stress variation by applied external 
loading onto the pipe (Figure 3.1). 
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Figure 3.1 Variation of vertical soil stress along the pipe 
 
 In order to determine the optimised box's width and depth, the radial soil stress and 
circumferential pipe stress were analysed as shown in Figure 3.2 and Figure 3.3 
respectively. The results revealed that radial soil stress and pipe circumferential stress 
can be significantly affected for smaller dimensions (i.e. Box 1) as compared to larger 
dimensions (i.e. Box 2 and 3). The model with the optimised box dimension showed 
no boundary influence on the soil and pipe stresses around the pipeline and hence was 
utilised to study the pipe response using a large-scale experimental program.  
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Figure 3.2 Variation of radial soil stress around the pipe 
 
 
 
 
 
 
 
 
 
Figure 3.3 Circumferential pipe stress variation for different model geometries 
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3.2.2 Sensors and monitoring equipment  
3.2.2.1 Soil pressure sensors 
In the developed experimental setup, it was essential to monitor the soil stress variation 
under external loading for detailed characterization of unsaturated soil response under 
internal/external loadings. Considering the estimated soil stress variations and the 
selected dimensions of the test box, the KDE-200 KPA type soil pressure sensors 
(Figure 3.4) were chosen. These sensors are 50 mm in outside diameter and have a dual 
diaphragm structure and are therefore suited to conduct model experiments. All the soil 
sensors were calibrated (Figure 3.4) prior to place in the experiments. 
 
 
Figure 3.4 Soil pressure sensor calibration 
 
3.2.2.2 Strain gauges 
WFLA-3-11-3LT single element waterproof strain gauges were selected to monitor the 
pipe strain variation. The lengths of the strain gauges were 3 mm and the gauge 
resistance was rated as 120Ω. These strain gauges eliminate the need for moisture-
proofing coating. However, additional moisture proofing was applied to the strain 
gauges during the experiment. 
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3.2.2.3 Moisture sensor 
It was important to monitor the moisture content of the soil during the preparation and 
during the experiment. Therefore, the MP4406 moisture sensor was employed to 
monitor the variation of soil moisture. This sensor measures volumetric water content 
and consists of 60 mm length needles as shown in Figure 3.5. 
 
Figure 3.5 Soil moisture sensor 
 
3.2.3 Pipe end sealing method to pressurise the pipe 
In this experiment, a cast iron pipe was used and it was required to make the pipe ends 
water-tight before applying the internal pressure. Various methods were considered to 
seal the pipe ends (welding the pipe ends with metal sheets, fixing end caps on both 
ends, and so on). However, these methods were eliminated, as these may not hold 
higher internal pressures and there was the risk of a failing pipe end during the 
experiment. Then, the decision was made to use specially designed pipe end caps with 
rubber rings inside to seal the pipe as shown in Figure 3.6. Furthermore, the condition 
of the end caps prior to the placement of the pipe inside the soil was tested, and it was 
found that the pipe ends can withstand internal pressure up to 3 MPa. 
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Figure 3.6 Special pipe end cap designed for the experiment 
 
 
3.2.4 Experimental setup and instrumentation 
The experimental setup to accommodate internal and external loading was designed on 
the basis of preliminary FE analysis results. The test box was manufactured using a 
steel frame with 2 m length, 1 m height and 0.75 m width to support the soil and the 
internal/external loadings. Plywood sheets were used across the steel box to support 
and retain the soil fill. A manual pressure pump and a hydraulic loading jack were used 
to apply internal and external loadings. In this experiment, traffic load was applied as 
a static load and not as a cyclic load, because a large portion of the pipe deformation 
and soil settlement occurs at the initial cycle of the loading (Mosadegh & Nikraz 2017). 
The test setup was placed within a steel reaction frame in order to apply the traffic 
loading, and a rigid steel plate (100mm diameter) was used to apply traffic load on the 
soil surface. Figure 3.7 illustrates the full experimental setup used in the current study.  
 
 
 
 
Chapter 3  Large scale test 
 
48 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Figure 3.7 Internal and external loading mechanisms, (a) Internal pressure (b) Traffic 
load 
 
As this study is focused on the pipe response under different loadings and soil moisture 
conditions, most of the instrumentation was positioned on and around the pipe centre. 
A total of twelve strain gauges were placed in both circumferential and longitudinal 
directions from the pipe centre and were placed 500 mm away from the centre. These 
strain gauges, which had high water-resistant capacity, were accommodated with wax 
and duct tapes covered with robust plastic shell protection to avoid any disturbances 
due to direct contact with the soil when the pipe was buried. The sensor pads were 
placed on levelled soil surfaces after prior calibration. All the soil sensors were buried 
around the pipe centre and were positioned 100 mm away from the pipe to ensure that 
there was no contact between the pipe and the soil sensors during the test. This 
instrumentation was able to capture the circumferential and longitudinal strain variation 
of the pipe, soil stress variation around the pipe, vertical load applied on the soil, pipe 
internal pressure and it also captured the soil moisture level. The instrumentation used 
in the test is shown in Figure 3.8. 
Hydraulic Jack 
Manual pressure 
pump 
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Figure 3.8 Sensors and strain gauge arrangement at the centre of the test box 
 
3.3 Materials used for the Testing 
3.3.1 Pipe properties 
A Cast iron pipe with outer diameter 122 mm, 11 mm thickness and 2 m length was 
used in this experimental study (Figure 3.9). The pipe was specifically manufactured 
to match the exhumed water pipe’s material composition to replicate the realistic water 
pipes. The material composition of the manufactured pipe in comparison to the 
exhumed pipe is shown in Table 3.2.The vertically pit casting method was used in the 
manufacturing process to maintain the uniform thickness of the pipe.  
Table 3.2 Material composition of Pipes 
Pipe Fe C Si Mn Mg Mo Al P S 
New 93.62 3.350 2.280 0.72 ---- 0.019 0.008 0.001 0.005 
Exhumed 
Pipes 
1 93.63 3.380 2.220 0.750 ---- 0.000 0.009 0.006 0.007 
2 92.46 3.58 2.48 0.74 <0.01 0.01 <0.01 0.67 0.06 
3 92.85 3.47 2.29 0.41 <0.01 0.06 <0.01 0.84 0.08 
 
 
Pipe
100 mm
100 mm
100 mm
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Figure 3.9 Cast iron pipe used for the experimental study. 
 
 
3.3.2 Soil properties 
In this study, soil excavated from a construction site in Melbourne was used in the 
experiments to represent real site conditions. The particle size distribution and proctor 
compaction test results of this soil are shown Figure 3.10. Based on the particle size 
distribution and the Atterberg limits, the soil can be classified as CL (Lean clay with 
gravel) in accordance with ASTM D2487. The soil-water characteristic curves were 
derived on the basis of the particle size distribution of the soil using the Arya and Paris 
(1981) model (Figure 3.11). Table 3.3 shows the summary of the physical properties 
of the soil used in this experiment. 
Chapter 3  Large scale test 
 
51 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
(b) 
Figure 3.10 Soil physical properties (a) Particle size distribution, (b) Proctor 
compaction test 
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Figure 3.11 Soil-water characteristic curve for the soil used in the experiment 
Table 3.3 Physical soil properties 
Soil Property Value 
Maximum dry density (kg/m3) 1934.5 
Optimum moisture content 13.8% 
LL 40 
PL 15.5 
Specific Gravity 2.65 
 
A series of direct shear tests were conducted to investigate the mechanical behaviour 
of the soil under different saturation levels (20%, 40%, 60%, 85%, 100%). A range of 
normal stress levels (50, 100, 150, 200 kPa) was selected for the tests representing the 
realistic low as well as high soil confining stresses on buried pipes. The Sheartronic 
digital shear testing machine was used to conduct the total of twenty direct shear tests 
under fully automated conditions.  
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Figure 3.12 Sheartronic direct shear test apparatus 
 
Constant water content tests were conducted under slow shearing rate to minimise the 
rate effects (minimise negative excess pore pressures) on the shear strength properties 
of soils. Water contents of the specimen were measured to ascertain constant water 
content condition before and after testing. Effective stress failure envelopes were drawn 
on the basis of Bishop’s effective stress approach (Bishop 1959) for various soil 
saturations. The summary of effective friction and cohesion along with the dilation are 
shown in Figure 3.13 for various saturation levels tested in the current study. Results 
show that the cohesion and dilation increase with the increase in water saturation, 
peaking around 20–60%, followed by a descent for further increase in water 
saturations. The effective friction angle was hardly influenced by the changes in water 
saturation. Unsaturated Direct Shear data is shown in APPENDIX A. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 3.13 Shear strength properties of the soil (a) Cohesion variation with 
saturation, (b) Dilation angle variation with saturation 
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3.4 Large-Scale Test Box Preparation and Experimental Procedure 
Soil obtained from the field was first crushed using a roller to break large soil lumps, 
and then it was oven dried to remove initial moisture. Oven-dried soil was sieved across 
2 mm and mixed with water using a mixer to achieve the expected degree of water 
saturation. The complete process of soil preparation adopted in the study is showed in 
Figure 3.14. 
Figure 3.14-a shows the excavation of soil from one of the Melbourne construction 
sites, and this excavated soil was then transported to the laboratory to be used for 
experiments. As there were large soil lumps in the excavated soil, the soil was crushed 
using a roller (Figure 3.14-b) before use for tests. In this large-scale test series, 
preparing the soil with targeted moisture levels was required, and, to achieve this, soil 
was mixed with measured amounts of water using a concrete mixture to attain a 
uniform soil-water mixture as shown in Figure 3.14-c.  
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
(b) 
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(c) 
Figure 3.14 Soil preparation for the prototype test (a) Excavation of soil, (b) Crushing 
the soil, (c) Add water and mixing 
 
All the tests were conducted with a constant initial dry density of 1700 kg/m3. First, the 
test box was marked with 100 mm intervals on test box walls to facilitate the target 
density from the soil compaction process. Then, a measured amount of soil was placed 
on the box based on calculations for a soil layer of 100 mm thickness with 1700kg/m3 
dry density, and, finally, the soil was compacted until it reached expected level using a 
wooden tamper (as shown in Figure 3.15). The resultant densities of the soil in the test 
box were verified by conducting a sand cone test at various locations (with 300 mm 
compaction levels) across the soil bed in accordance with ASTM D1556/D1556M. The 
test box walls were properly covered with plastic sheets to control moisture loss during 
the test preparation, and the moisture levels were monitored using the moisture sensor 
and sample testing. 
  
  
 
 
 
 
 
(a)                               (b) 
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(c) 
 
Figure 3.15 Test box preparation, (a) Test box marked with 100 mm depths, (b) Soil 
layer compaction, (c) Sand cone test on compacted soil 
 
The calibrated soil pressure sensors and moisture sensors were placed with the 
progression of soil compaction at predetermined depths in the levelled surfaces (Figure 
3.16-a). The pipe that was attached with strain gauges was placed at the soil bedding 
with the assistance of an overhead crane. The end conditions of the pipe were fixed in 
both lateral and vertical directions before the remaining soil was filled into the box. 
After preparation of the pipe-soil box, it was placed under a structural steel frame for 
the application of loads. The applied loadings were selected on the basis of realistic 
pipe operational loads (i.e. pipe internal pressure applied up to 2 MPa and external 
traffic load up to 20 kN). The test programme and loads applied during the tests are 
shown in Table 3.4. The cover height was kept as 300 mm in all the tests. 
Table 3.4 Test plan 
Soil saturation (%) Moisture 
content (%) 
Internal pressure (MPa) Traffic loading (kN) 
20 4.0 0,0.5,1,2 0,5,10,15,20 
65 13.7 0,0.5,1,2 0,5,10,15,20 
85 17.9 0,0.5,1,2 0,5,10,15,20 
 
All the sensors were monitored and data was recorded with a data logger during each 
test. For each saturation level, there were twenty load combinations and data was 
monitored for each load combination across a period of ten minutes. Internal water 
pressure was monitored with a pressure gauge connected to the pipe and the traffic load 
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was monitored and recorded with a pressure pad attached to the loading system (Figure 
3.16). During the test, the internal pressure was first applied and then traffic load was 
applied on hold for a period of 10 minutes to complete monitoring and recording data 
from all the sensors. For each water pressure level, traffic load was increased from 0 to 
20 kN with 5 kN increments. 
 
(a)                                                                (b) 
Figure 3.16 (a) Pressure pad, (b) Water pressure gauge 
The current study assumes no significant effects of the pipe trench on the response of 
the buried pipe. In most of the cases applicable to old buried pipelines, the same native 
soil has been backfilled and in the present condition, the presence of any trench to lay 
the pipe is not noticeable. Design methods such as in AWWA M11(AWWA M11  2016) 
advocate wide trench designs with less significance given to the trench. Furthermore, 
the presence of road pavement is also ignored in the current study to investigate the 
distinct effect of soil saturation from the direct application of traffic load in addition to 
this being an experimental simplification. Such an experimental setting may also be 
approximately applicable to scenarios of pipes subjected to loading from construction 
machinery during pipe laying or road renewal and applicable where the pipe is laid in 
a non-traffic area but is subjected to only soil loads and (or) nominal traffic loads. 
APPENDIX B shows the strain gauge values observed from the large scale tests. 
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3.5 Experimental Results Analysis 
3.5.1 Effect of saturation on soil stress variation 
The variation of the soil stress (total) change was monitored at the pipe top, side and 
bottom using pressure pads during the application of traffic loads at each combination 
of loading. The data was recorded using compatible data loggers and was analysed to 
understand the effect of the saturation of the loading response of buried pipes. The 
effect of water saturation on soil stress variation is lower for low traffic loads compared 
to high traffic loads as shown in Figure 3.17 (internal pressure = 0). Larger loads 
applied on soils have amplified the saturation influence. Soil with 65% saturation 
showed the lowest vertical soil stress above as well as below the pipe, and the highest 
vertical stress was resulted at 20% and 65% saturations. This variation of soil stress 
with water saturation is identical to the shear strength characteristics observed during 
the unsaturated direct shear experiments, i.e. soil has a larger strength around 65% 
saturation (and hence less deformations) compared to the 20% and 85% saturation 
cases. A higher soil stress gain can be observed above the pipe due to the application 
of traffic loads, and the effect of the traffic load is less significant below the pipe as 
compared to soil stress above the pipe. This is due to the soil displacement and re-
distribution of stresses resulting above the pipe caused by the traffic load on the ground 
surface.  
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(b) 
Figure 3.17 Soil stress variation with saturation (a) Above the pipe level, (b) Below 
the pipe level. 
 
Soil lateral stresses recorded at the pipe centre were not significantly influenced by 
traffic loads for saturations less than 65% (Figure 3.17). In contrast, a large variation 
of lateral soil stresses was observed for pipes buried at 85% degree of water saturations 
under the same traffic load application. The larger suction effect of the unsaturated 
backfill at 65% saturation (Figure 3.18) provides enhanced strength and stiffness to the 
soil, resulting in low soil displacement (i.e. induced by low stresses) during applied 
loading. On the other hand, soil having a high degree of saturation (i.e. 85%) was 
largely displaced (thus resulting in larger stress variations), due to the lower strength 
caused by less suction influence (Figure 3.18). 
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Figure 3.18 Lateral soil stress variation with soil saturation 
3.5.2 Effect of soil saturation on pipe strain variation 
A number of strain values were recorded (i.e. 750 strain values) in both the longitudinal 
and circumferential direction around the pipe under different loading combinations and 
soil saturation levels. Typical results are shown in this section in order to demonstrate 
the influence of different load combinations and soil saturation levels on the pipe strain 
variation around the pipe. 
  
 
 
 
 
 
Figure 3.19 Strains around the pipe without soil 
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In order to verify the accuracy of the strain gauge readings, pressure application 
method, pipe boundary conditions and data monitoring system, a preliminary pressure 
test was conducted on the pipe before placing it inside the soil. In this test, the pipe was 
pressurised up to 2 MPa and the strain values were recorded over 90o. The observed 
strain values were compared to the theoretical values calculated from the fundamental 
strain equations (Yoosef-Ghodsi 2015) and FEM predictions as shown in Figure 3.19 
Strains around the pipe without soil. Experimental results show a very good agreement 
with the FEM prediction of strains and reasonable agreement with the theoretical strain 
prediction with no variations of strains around the pipe. Theoretical values show trivial 
difference as compared to experimental data, due to the non-uniformity in pipe 
thickness, material characteristics and applied loadings. The test results from the 
preliminary pipe test verified the utilised method for strain measurement, data logging 
and pipe boundary conditions used in the large-scale experiments.  
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(b) 
Figure 3.20 Pipe strain variation with internal pressure (a) At pipe crown, (b) At pipe 
spring line 
 
Having verified the test setup for all around experimental measures, tests were 
conducted to investigate the buried pipe response under various loading combinations. 
Pipe strains variation with the application of the internal pressure (no traffic loads) are 
shown in Figure 3.20 under different soil saturation levels. Strains at pipe crown and 
spring line increased with the increase of internal pressure. Although the pipe strain 
variation trend is similar for different saturation levels, there is a considerable 
difference on pipe strains values for different water saturation conditions. Experimental 
results revealed that pipe strains were higher when the pipe was buried in soil with 85% 
saturation and showed the lowest strains when soil saturation was 65%. Higher soil 
stresses applied on the pipe at high water saturations (Figure 3.20) resulted in larger 
pipe deformation, i.e. soil, which has less strength/stiffness at high saturations due to 
low matric suctions, deforms large at a certain load, thus resulting in a larger pipeline 
deformation.  
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 (a) (b) 
Figure 3.21 Pipe strain variation with application of traffic load (a) At pipe crown, (b) 
At pipe spring line 
 
In general, pipe strains at 65% saturations are lower than 20% and 85% saturation cases 
at both the springline and the crown location of the pipe. As previously noted, high 
unsaturated strength at 65% saturation induces less deformation in the pipeline. 
Typically, pipe strains at the springline decrease with the increase in traffic loads under 
20% and 65% saturations. This behaviour is also revealed by the unaffected lateral soil 
stress distribution observed near the springline location of the pipe under these 
saturations (Figure 3.18). At a similar range of traffic loads, the strains at the crown 
increase as can be seen in Fig. 18b. This behaviour implies that when soil possesses 
high suction, the pipe deforms elliptically in the vertical direction, resulting in a 
decrease in springline strain and increase in crown strain. However, at higher 
saturations (i.e. less suction regime), the pipe strain increases significantly at the 
springline, as the pipe deforms more elliptically in the horizontal direction. The 
increase in pipe strains at the springline location under 85% degree of saturation has 
resulted in an increase in lateral soil stress as showed in Figure 3.18.  
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3.5.3 Comparison of experimental results with FE modelling 
3.5.3.1 Three dimensional FE model 
Three dimensional (3D) finite element analyses were also carried out using the 
ABAQUS 6.14/Standard to compare with the pipe strains and soil stress distribution 
obtained from the current large-scale program. The main objective of conducting 
numerical modelling is to demonstrate the applicability of large-scale test data to 
calibrate 3D finite element models that form a basis for the detailed investigation of the 
buried pipe response under various loadings in unsaturated soil conditions. The 
geometry of the models was created with the same dimensions as in the real 
experimental setup. The soil and pipe were represented by 8-noded brick reduced 
integration. A total of 21760 solid elements and 6336 solid elements were used to mesh 
the soil and pipe respectively by imposing a biased meshing algorithm to result in finer 
mesh at the model centre (i.e. where external load is applied) and course mesh towards 
the boundaries. The appropriate dimensions and the mesh density of the model were 
selected after a number of trials to minimise mesh and boundary effects on the 
calculated pipeline stresses. 
 
 
Figure 3.22: FEM mesh discretisation (a) Soil model, (b) Pipe model 
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Figure 3.22 shows the mesh discretisation and model dimensions. In line with the 
analytical solutions, the interaction between the pipe and soil was assumed to be 
frictionless (Watkins, Reynold King & Anderson 1999), and the traffic loads were 
simplified to patch loads. The unsaturated behaviour of the soil was modelled using 
advanced constitutive models. In this study, the modified MC model developed by 
Robert, D. J. (2017) was used to simulate the unsaturated soil behaviour and the model 
parameters, which were obtained from the lab experiment shown in Table 3.5.  
Table 3.5 Soil properties used in FEM analysis 
Soil Property Value 
Dry Density (kg/m3) 1.7 
Young’s modulus (MPa) 10 
Poisson’s ratio 0.3 
Effective Friction angle (Deg) 35.96 (for 20% and 85% 
saturations) 
29.2 (for 60% saturation) 
Dilation angle (Deg) 5.7 (for 20% and 85% saturations) 
5.2 (for 60% saturation) 
Residual Friction angle (Deg) 32.67 (for 20% and 85% 
saturations) 
28.64 (for 60% saturation) 
Residual Dilation angle (Deg) 0.01 (for 20% and 85% saturations) 
0.5 (for 60% saturation) 
Residual cohesion (kPa) 12 
Residual Saturation 0.15 
 
3.5.3.2 Comparison of experimental and FE pipe strain results 
The results of the model prediction for the 65% soil water saturation case were 
compared to the data obtained from the identical large-scale experiment. Pipe strains 
were compared at various traffic loads under zero water pressure application. 
Generally, the model predictions of circumferential strains show a good agreement in 
comparison with the experimental data as shown in Figure 3.23a & b for 10 kN and 5 
kN traffic load cases, respectively. The strain variation follows similar trends and the 
strain magnitudes are within reasonable comparison between experimental data and 
finite element model prediction. The two strain magnitudes of the experiment at 90o 
location under 5 kN loading and 135o location under 10 kN loading deviate from FE 
model prediction, due to the low sensitivity of the strain gauges in responding to smaller 
strain magnitudes.  
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 (a) (b) 
Figure 3.23 Comparison of experimental and FEM results for pipe circumferential 
strains under 65% saturation,(a) 10 kN traffic load, (b) 5 kN traffic load 
 
 
 
 
 
 
 
 
Figure 3.24 Soil settlement due to 20 kN traffic load in FEM model and experiment 
under 65% saturation 
 
The comparable pipe strains at 65% saturation can also be illustrated using the soil 
deformation mechanisms obtained from the FE model and experiment. The surface 
deformation due to the traffic load application was compared in  
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Figure 3.24 between the FE model and the real experiment for 65% degree of 
saturation. Similar to what can be observed from the FE model, the maximum vertical 
displacement at the middle of the patch was measured as 10 mm at the end of the 20 
kN traffic load test. This identical response of the soil behaviour has resulted in a 
similar response in the pipe during traffic load application.  
However, the FE model predictions at lower saturations are not comparable with the 
observed behaviour from experiments. For example, the circumferential pipe strains 
from the FE model at 20% degree of water saturation substantially under-predict the 
actual pipe deformation as shown in Figure 3.25. The soil surface in-line with the pipe 
has significantly deformed under traffic load application, due to the low strength of the 
soil at 20% degree of saturation (Figure 3.26). The FE model was unable to capture 
such large soil deformation, and hence resulted in lower pipe strains compared to the 
strains observed from the experiment. The adopted soil model was less efficient in 
capturing the unsaturated soil behaviour close to the region of the residual saturation 
(Robert 2017). However, full scale experimental data, such as the data obtained from 
the current study, provides the valuable source of information required to develop 
essential theories that can predict failures of pipes buried in non-dry soil conditions.  
 
 
 
 
 
 
 
 (a) (b) 
Figure 3.25 Comparison of experimental and FEM results for pipe strains under 20% 
saturation (a) 10 kN traffic load, (b) 5 kN traffic load 
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Figure 3.26 Soil deformation around loading plate at 20% saturation test 
 
3.6 Summary 
This chapter discussed the effect of soil water saturation on the buried pipe behaviour 
subjected to internal and external loadings using large-scale experiments. A series of 
tests were conducted using a systematically developed test setup that could capture the 
realistic response of soil-pipeline interaction under internal water pressure and external 
traffic loads. The response measured for the buried pipe under load was illustrated 
using data obtained from a series of direct shear tests conducted to investigate the 
mechanical behaviour of unsaturated backfill soil. The study also investigated the 
capability of using the large-scale test data to calibrate and validate 3D finite element 
models that form the basis for the detailed investigation of buried pipe response under 
various loadings in unsaturated soil conditions. Results from the study revealed that the 
backfill soil saturation can substantially influence the pipe behaviour under water 
pressure and traffic loads. The study also highlighted that 20% and 85% degree of water 
saturations can cause higher pipe deformations compared to the degree of saturation of 
65% under simulated traffic loads. Therefore, it is important to account for the degree 
of water saturation in backfill soil conditions when designing new pipes and assessing 
the condition of existing pipes. The data obtained from the current research provides a 
Loading plate sinks to the soil during 
application of vertical load 
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good source to calibrate advanced numerical models as shown in this paper. Such data 
can be valuable avenues for engineers to support pipeline designs and maintenance 
strategies for the future proofing framework of service life assessment. 
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4 Stress prediction of pipes buried in unsaturated soils 
4.1 Introduction 
The response of buried pipes under internal and external loads in unsaturated fine 
grained soils has been experimentally investigated in Chapter 3. Results revealed that 
the pipeline response (i.e. stress/displacement) is significantly affected by the backfill 
condition and the type of loading. Hence, it is important to capture such parametric 
dependence of the pipe response using a prediction model (such as stress) in order to 
support the failure prediction and service life assessment of buried pipes. This chapter 
describes the application of FEM using advanced constitutive soil models to obtain an 
analytical model to predict the buried pipe stress in an unsaturated soil medium, 
considering new and uniformly corroded pipes. A number of FE analyses were 
conducted in this study to investigate the effect of soil plasticity, modelling 
idealisations (2D vs 3D), soil saturation effect, pipe size, burial depth and loading 
effects on the response of buried pipes. First section of the chapter describes the effect 
of traffic load on pipes buried in unsaturated soils, and then it described the 
development of stress prediction model using 3D FE analysis. The results of the 
numerical modelling and proposed analytical tool are also compared with the 
predictions of closed-form solutions available at present for predicting the stress state 
of buried pipelines. The predictions from the proposed model are then applied to the 
service life assessment of buried pipes in unsaturated soils.  
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4.2 Study the Traffic Load Effect on Buried Water Mains in Partially Saturated 
Soils 
Number of 2-D finite element analysis was conducted in this study to investigate the 
effect of internal water pressure and external traffic loads on buried pipes in unsaturated 
soil medium. The behaviour of soil was simulated using advanced soil models that can 
capture proper unsaturated soil mechanics as proven from literature. Effects of soil 
plasticity and moisture content are investigated in detail. Results from the numerical 
model are also compared with available analytical models reported in literature. This 
section presents the results of 2-D finite element model including its development, 
calibration and validation.  
4.2.1 Two dimensional finite element model 
FE analyses were carried out using ABAQUS/EXPLICIT with geometric non-linearity 
and large strain formulation. The non-linear geometry option (NLGEOM) in 
ABAQUS/EXPLICIT considers the changes in geometry during the analysis, and thus 
the dynamic equilibrium is achieved using the current configuration (i.e. current nodal 
position) of the model. 
All the analyses were performed under plane strain conditions, and the model uses soil 
and pipe elements with 4-noded bilinear, plane strain, reduced integration with 
hourglass control elements (CPE4R). Figure 4.1 shows the geometry and the mesh 
discretisation of the FE model which were used to simulate the effects of traffic loading 
on buried pipelines. The wall boundaries were assumed to be smooth and supported 
only in the normal direction. The pipe was set free to move during the application of 
traffic loading. Furthermore, adaptive meshing was incorporated in the analyses to 
control the mesh distortions that result from large deformations of the soil caused by 
lateral pipe displacements. 
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(a)                                                                     (b) 
Figure 4.1 (a) Mesh discretisation and model dimensions of finite element model, (b) 
Traffic load application in FE model 
 
The traffic load was applied to soil via a rigid body (Figure 4.1b), as a concentrated 
load on the soil creates severe mesh distortions (especially in yielded soil), causing the 
analyses to be terminated. The comparison of the soil stress distribution from the FE 
model for the 40kN traffic load shows a similar stress prediction by Boussinesq’s 
solution (Boussinesq 1885) at the same level of loading as shown in Figure 4.2. 
The current study focuses on investigating the pipe response buried in fine sand, which 
was characterised in detailed by Robert (2010). A series of triaxial tests were conducted 
on fine sand to investigate the physical, mechanical and hydraulic characteristics under 
dry, saturated and unsaturated soil conditions. Soil models and soil properties used in 
this study are discussed in the following sections. 
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Figure 4.2 Comparison of analytical and FE model soil stress variation with depth 
 
4.2.2 Soil models used in the study 
The behaviour of the soil surrounding the pipe was modelled using elastic as well as 
elasto-plastic constitutive models. The plasticity of the soil was been modelled by (a) 
MC model and (a) Nor-Sand model (Jefferies 1993).  
4.2.2.1 MC model 
Soil behaviour was initially modelled using the MC constitutive model. The model was 
chosen considering its simplicity, ease of use, CPU time and the higher community 
understanding of the model. Also, the MC model only demands a few parameters that 
can be easily determined through direct shear tests, unlike other models that demand 
their parameters through proper controlled triaxial testing. Further, the MC model is 
widely popular in the community for modelling the behaviour of soils, due to its relative 
simplicity and the need of popular soil properties (such as friction and dilation of soils).  
The properties of the MC model used in the current analyses are shown in Table 4.1 
with regard to dry and unsaturated sands. 
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Table 4.1 Soil properties for MC model  
 
 
 
 
 
4.2.2.2 Nor-Sand model 
The Nor-Sand model (NS) was also used in the current study, as the model requires a 
single set of input parameters for a particular sand type irrespective of its initial state. 
The Nor-Sand model is a generalised Cambridge-type constitutive model for sand, 
developed on the basis of the critical state theory. It uses the state parameter concept 
(Been & Jefferies 1985) and attempts to accurately reproduce dilation and softening on 
the dry side of the critical state. This is achieved by postulating infinite isotropic normal 
consolidation loci (NCL), which allows a separation of the intrinsic state from the over-
consolidation state. A main feature of the Nor-Sand model is the use of rate-based 
hardening using the state parameter to size the yield surface. The original Nor-Sand 
model was proposed by Jefferies (1993) and was implemented in STANDARD finite 
elements by Dasari and Soga (2000). In order to enhance the model performance, three 
modifications were made by Cheong (2006). They include (i) a new definition for the 
critical state, (ii) lode angle dependency on the critical state parameter and (iii) the 
evolution of yield surface with respect to plastic shear strain. The Nor-Sand code was 
implemented in explicit finite elements by Robert, D.J.(2010) in order to be benefited 
by explicit simulations. 
The model has been modified in conjunction with Bishop’s effective stress framework 
to incorporate the behaviour of unsaturated soils (Robert, D.J .2010). The modification 
includes capturing the effects of increasing apparent tensile strength by water meniscus 
at particle contacts as well as increased dilation when the material is unsaturated. 
Apparent tensile strength captures the cohesion enhancement, while the dilation 
enhancement is included in preconsolidation pressure that is used to define the double 
Degree of 
Saturation 
(%)
Cover 
height (m)
Friction 
angle 
(deg)
Maximum 
Dilation 
angle (deg)
E (Mpa) Cohesion 
(MPa)
0.6 47.5 15.04 3 0.5
1.5 47.5 14.47 5.7 0.5
0.6 45 25 15 0.5
1.5 45 19 18.5 0.5
0.6 45 22 6.6 0.5
1.5 45 17 11.1 0.5
0 (Dry)
20
60
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hardening mechanism (i.e. hardening based on saturation and plastic strains). These 
two hardening effects (Cohesion and Dilation) as well as the classical plastic hardening 
effect make the proposed model a triple-hardening model. The properties of the Nor-
Sand model are shown in Table 4.2 for both dry and unsaturated sands. The calibration 
and validation of the model based on triaxial compression data as well as mesh 
sensitivity effects can be found in Robert, D.J.(2010). 
Table 4.2 Soil properties for Nor-Sand model (Robert, 2010) 
Parameters Dry sand Unsaturated sand 
Shear Modulus constant  850 300 
Pressure exponent  0.5 0.5 
Poisson’s ratio  0.35 0.35 
Void ratio constant  0.9 - 
Water saturation constant  0.6 - 
‘N’ value in flow rule 0.33 0.33 
Hardening parameter  400 300 
Maximum dilatancy coefficient  3.5 2.5 
Critical state ratio 1.33 1.33 
Maximum void ratio  0.946 0.946 
Minimum void ratio  0.5 0.5 
Switch to use constant or exp H 0.0 0.0 
Dilatancy enhancement constants; 
dA  
1k  
1wS  
2wS  
 
10 
1.5 
0.25 
0.3 
- 
Cohesion enhancement constants; 
sA  
2k  
maxwS  
3wS  
 
5 
1.7 
0.55 
0.5 
- 
 
4.2.2.3 Pipe model 
The behaviour of the pipe has been assumed as elastic steel material for all the analyses 
conducted in the current study. A Young’s modulus of 204 GPa and a Poisson’s ratio 
of 0.3 have been assumed for steel (ASTM A 36). The nominal diameter and thickness 
of the pipe considered in this study are 610 mm and 24.61 mm, respectively. The burial 
depths of the pipe are at H/D of 1 & 2.5. 
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4.2.2.4 Analysis plan 
Several analyses were performed to investigate the behaviour of steel pipes subjected 
to external traffic loading. First, FE analyses were conducted to compare the 
predictions from the analytical models with numerical model results (case 1). Second, 
analyses were performed to investigate the effect of different soil plasticity for pipe 
behaviour under traffic loading (case 2). Further simulations were performed to explore 
the effect of partial saturation in soil on pipe stress variation for pipes undergoing 
external loading. Table 3 summarises the analyses’ plan for the three cases considered 
in the current study.  
Table 2. Analysis plan. 
Cases Model 
Degree of 
Saturation 
(%) 
Cover 
height 
(m) 
Traffic 
Load 
(kN) 
1 
FE-Elastic 0 (Dry) 0.6, 1.5 0,20,40 
Ring 0 (Dry) 0.6, 1.5 0,20,40 
Modified ring  0 (Dry) 0.6, 1.5 0,20,40 
Modified 
Spangler 
0 (Dry) 0.6, 1.5 0,20,40 
2 
FE-Elastic 0 (Dry) 0.6, 1.5 0,20,40 
FE-Mohr 
coulomb 
0 (Dry) 0.6, 1.5 0,20,40 
FE-Nor Sand 0 (Dry) 0.6, 1.6 0,20,40 
3 FE-Nor Sand 0,20,60 0.6, 1.5 0,20,40 
 
4.2.3 Results from the FE study 
4.2.3.1 Comparison of FE results with analytical models (case 1) 
The results from the FE analyses (elastic soil) conducted to investigate the effect of 
traffic loads on pipes are compared with the predictions from analytical models in 
Figure 4.3. It can be seen that the pipe stress derived from the modified Spangler model 
predicts similar pipe stress compared to FE analysis in shallow and deep embedded 
pipes. 
The pipe stress predictions from the modified Ring model underestimate the maximum 
pipe stress, especially for shallow embedded pipes (up to ~ 45%). This is because the 
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modified Ring model is not incorporated with the realistic soil stiffness that controls 
the pipe deformation during the application of traffic loads. The underestimation of the 
pipe stress for deep embedded pipes (up to ~ 15%) was overshadowed by larger 
confining stress effects in deeper depths. The predictions from the Ring model are 
always higher than the predictions from the modified Ring model, due to the disregard 
of the lateral soil support in the derivation of the Ring model. Hence, only the analytical 
models, such as the modified Spangler, predict comparable pipe stresses to FE 
modeling with elastic soil.  
 
 
 
 
 
 
 
 
Figure 4.3 FE results and analytical results (case 1) 
 
4.2.3.2 FE analysis of soil plasticity effect under traffic loading (case 2) 
The effect of soil plasticity on buried pipes subjected to traffic loading was studied 
considering two elasto-plastic soil models: MC and Nor-Sand. The maximum pipe 
stress induced by the traffic loading obtained from the different soil plasticity is shown 
in Figure 4.4 in comparison with the results from elastic soil models.  
The results demonstrated that there is no substantial soil plasticity effect on pipe 
stresses simulated using the MC soil model, but considerable effect (10–15%) has been 
observed from the Nor-Sand soil plasticity for pipes buried at shallower depths. Within 
the MC framework, soil behaves elastically and obeys Hooke’s law until the onset of 
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yielding which is determined by the MC yield criterion. Further, it models the soil as 
an isotropic dilatant elastic-perfectly plastic material, which is the lack of strain 
softening/hardening during soil deformation. However, the Nor-Sand model predicts 
the realistic deformation of soils due to the use of the state parameter-based hardening 
approach (Cheong 2006) that can capture hardening/softening of soils during traffic 
loading. The effect of soil plasticity becomes insignificant for pipes buried in deeper 
depths.  
 
 
 
 
 
 
 
 
Figure 4.4 Elastic and plastic behaviour of soil (case 2) 
 
4.2.3.3 Effect of unsaturated behaviour under traffic loading (case 3) 
The results of the analyses conducted to investigate the effect of partial saturation on 
buried pipes are shown in Figure 4.5 for various traffic loading. The resultant maximum 
pipe stresses are substantially affected by the degree of saturation in the soils, i.e. pipe 
stresses are lowered by 10–80% when compared to the response in dry soils. This is 
because the enhanced stiffness induced by suction in wet soil resists pipe mobilisation 
and hence its deformations during traffic loading. The load-displacement plot obtained 
for pipes buried in different soil conditions revealed a higher stiffness response for 
pipes buried in wet soils compared to that in dry conditions (Figure 4.6). However, 
pipes are subjected to less mobilisation displacements and hence the imposed pipe 
loads are smaller when compared to pipes buried in dry soils. The lower loads imposed 
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on pipes buried in wet soil have resulted in less pipe deformation (Figure 4.7), which 
has induced lower stresses on pipes under an unsaturated condition at a given traffic 
loading. 
 
 
 
 
 
 
 
 
Figure 4.5 Maximum hoop stress of pipe variation with degree of saturation of soil. 
 
 
 
 
 
 
 
 
Figure 4.6 Load displacement curves for pipe. 
 
The results further revealed that the pipe stresses increase with the change in the degree 
of saturation from 20% to 60%. Similar progression is reflected in the change in pipe 
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deformation with saturation degree (Figure 4.7). This behaviour of pipe stress is due to 
the suction induced apparent cohesion effect, which possessed a similar trend as was 
obtained from the triaxial test data for this sand (Robert, D.J. 2010). 
 
 
 
 
 
 
 
 
 
Figure 4.7 Pipe vertical diameter reduction with degree of saturation. 
 
4.2.4 Summary of the 2D FE analysis 
In this study, 2-D FE analyses are conducted to investigate the effects of traffic loading 
on the maximum induced stress of pipelines buried in non-dry soil conditions using 
advanced constitutive soil models. Results showed that the impact of traffic loads on 
pipes buried in partially saturated soils is substantially affected by the degree of 
saturation in soils. The pipe stresses are lowered by 10–80% when buried in non-dry 
soils when compared to the response in dry soils for the tested pipe conditions. This is 
because the enhanced stiffness induced by suction in wet soil resists pipe mobilisation 
and hence its deformations during traffic loading. 
The predictions from analytical models for pipe stresses are also compared with the 
findings from numerical analyses. It was found that the current methods generally 
overpredict the pipe stresses to varying magnitudes, due to the use of simplifying 
assumptions to make it solvable as a statically determinate problem. In general, the 
Spangler model predicts similar pipe stresses as observed in the FE model results. The 
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predictions from the Ring model overestimate the pipe stresses at deeper embedded 
depths when compared to the predictions from the modified Spangler model and FE 
models. On the other hand, the predictions from the modified Ring model, which 
incorporates the lateral soil support effect, predict comparable stresses when buried at 
deeper depths. Therefore, the analytical models, such as the Ring and the modified 
Ring should be used with care, as they predict realistic responses only under certain 
conditions.  
The results from the current study further revealed that there is a substantial soil 
plasticity effect for pipe stress response, especially when buried at shallower depths. 
However, traditional soil plasticity models such as linear elastic-perfectly plastic MC 
are unable to capture this effect, due to the lack of strain softening/hardening during 
soil deformation. The use of advanced soil plasticity models, such as the Nor-Sand 
model, can effectively capture the realistic deformation of soils during traffic loading.  
The findings from the current research work can be useful in current buried pipe design 
practices by accounting for the effect of soil plasticity and unsaturated soil behaviour. 
This research work is currently being extended to quantify these effects within an 
analytical framework. 
4.3 Development of Stress Prediction Model using 3D Finite Element Analyses 
Having investigated that soil plasticity and moisture can be governing parameters for 
pipe response under loading, further numerical analyses were conducted to include 
their significance within pipe stress prediction framework. A series of 3-D FE analysis 
was performed in order to develop stress prediction model that includes soil plasticity 
and moisture as fundamental (novel) parameters. The models are first validated using 
the reported pipe-soil field test data in literature before executing a detailed analysis 
plan that considers various other governing variables such as pipe size, pipe thickness, 
cover height and different operational loads. This section presents the details of 3-D 
model and the developed stress prediction model.    
4.3.1 Three dimensional finite element model used in the stress prediction study 
Three dimensional (3D) finite element analyses were carried out using the ABAQUS 
6.11/Standard to obtain the pipe and soil stress distribution around the pipe and to 
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Traffic Load 
4.5m 
Pipe 
capture the pipe’s maximum circumferential tensile stress. The soil was represented by 
8-noded brick reduced integration elements and the pipe was represented by 8-noded 
shell reduced integration elements. The soil side boundaries of the FE model were 
assumed to be smooth and were located far (i.e. 5m) from the pipe (and traffic loads) 
to eliminate any boundary effects. Figure 4.8 shows the mesh discretisation (12800 
shell elements and 606688 solid elements to represent the pipe and soil, respectively) 
and model dimensions. The appropriate dimensions and the mesh density of the model 
were selected after a number of trials to minimise the mesh and boundary effects on 
the calculated pipeline stresses. In line with the analytical solutions, the interaction 
between pipe and soil was assumed to be frictionless (Watkins, Reynold King & 
Anderson 1999), and the traffic loads were simplified to point loads. The modelling 
description of soil, pipe and model calibration are further explained in below sections. 
 
 
 
 
 
 
 
(a)                                                                 (b) 
Figure 4.8 Finite element mesh discretisation, (a) Soil (b) Pipe 
 
4.3.1.1 Modelling of soil 
The behaviour of the soil was modelled using an unsaturated Nor-Sand model in the 
analyses that were conducted to develop the proposed analytical model.  
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4.3.1.2 Modelling of pipe 
The 4-noded shell element S4R in ABAQUS was employed for pipe model. The shell 
element was adopted for the pipe to reduce the number of elements in the model and 
hence reduce the execution time of the model. Figure 4.8 (b) shows the mesh 
discretisation of the pipe. The behaviour of the pipe material is considered as elastic in 
the current study. The modulus of the elasticity of the pipe is assumed as ~200GPa in 
the current study, as this can vary between 100–215 depending on the material type 
(Smithells 1984).  
4.3.2 Model calibration 
The results from the developed 3D FE model were first verified using field experiment 
data reported by Robert et al. (Robert, D.JRajeev, P, et al. 2016) in which a series of 
field tests were conducted as part of an advanced condition assessment and pipe failure 
prediction project to investigate the behaviour of cast iron pipes under operating water 
pressures and traffic loading. A decommissioned 660 mm diameter spun cast iron 
buried pipe (25 mm thickness), which was laid in 1930 at Strathfield, Sydney, was 
tested for a series of traffic loading and water pressures. Further details of the 
instrumentation, tests and the results can be found in Robert et al. (2016). The initial 
density of the test bed was observed at 18.5 kN/m3 with about 95% saturation. 
In order to explore the soil characteristics and behaviour of the test bed soil, saturated 
consolidated undrained triaxial tests were conducted at Monash University on the 
representative samples at confining stresses of 10 kPa, 30 kPa and 50 kPa. The results 
of the lab test data revealed a secant friction angle of 49° for soil (~zero cohesion) with 
a stiffness of 6 MPa. The single element FE simulation of triaxial tests, which used the 
friction and dilatancy properties within the MC plasticity, showed comparable results 
with the laboratory test data. As shown in Figure 4.9, it can be noted that maximum 
variation between test results and FEM at cell pressure 30 kPa is less than 8%. The 
calibrated MC plasticity model was used to verify the 3D FE model developed in this 
study. Table 4.3 highlights the summarised properties for the test bed including the 
properties assumed for pipe and base material (Robert, D.JRajeev, P, et al. 2016). 
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Figure 4.9 Tri-axial test data comparison with FE results 
Table 4.3 Material properties used in FE model (Robert, D.JRajeev, P, et al. 2016) 
 
The results of the test conducted using a small truck [Single Axle Single Tyre (SAST), 
axle load 4.85 Tonne] placed on the road base were used to validate the 3D FE model 
for traffic loading on road base. FE results are compared with field data for pipe 
behaviour (i.e. strains & stresses) and soil stresses. It can be seen from Figure 4.10 that 
the FE model predicts similar stress distributions and amounts as observed by the field 
test. The correlation coefficient between the data sets is 0.95 that shows accurate 
predictions in FEM results. 
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Figure 4.10 Pipe stress variation 
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(b) 
Figure 4.11 Comparison of vertical soil stress variation of FE model and Field test (a) 
along pipe axis. (b) Perpendicular to pipe axis 
 
The soil stresses above the pipe level from the FE model and the field soil 
measurements also show similar distributions and magnitudes (as shown in Figure 
4.11) reflecting reliable FE model predictions. The initial over-burden stress of ~14 
kPa at the pipe level was increased to ~38 kPa due to truck loading. However, such 
levels of stress increase would imply only the soil’s elastic deformations under a very 
high initial Young’s modulus (100 MPa for base and 8 MPa for subgrade). As a result, 
the FE results based on elastic and MC soil idealisations demonstrated similar 
predictions. However, the effect of plasticity could be substantial during pipe laying or 
road renewal process where pipes are subjected to loading from construction machinery 
in contrast to pipes laid in non-trafficked areas where they undergo only soil loads and 
service loads. 
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4.3.3 Development of stress prediction model 
4.3.3.1 Analysis plan 
A number of factors can impact the stress condition of a buried pipeline subjected to 
internal and external loadings, i.e. pipe properties (material, sectional properties), soil 
properties (initial soil condition and yielding properties) and operating conditions 
(water pressure, burial depth and traffic loads). Some of these factors were already 
investigated by numerous researchers in the past decades for computing the stress 
condition of buried pipes (Moser, A. P. & Folkman 2001; Robert, D.JRajeev, P, et al. 
2016; Spangler, M. G. 1941; Watkins, Reynold King & Anderson 1999). However, the 
influence of soil moisture including the yielding behaviour has not been considered in 
these works. In the current study, the effects of soil saturation and plasticity have been 
incorporated through an analytical equation to estimate the maximum pipe stress. The 
calibrated 3D FE model has been used to compute maximum pipe stress with a detailed 
analysis plan as shown in Table 4.4. In this analysis plan, the cover height (H), pipe 
diameter (D), pipe thickness (t), internal pressure (P), soil suction (s) (to represent soil 
saturation) and traffic load(W) were considered to be variables as they can be identified 
as the most influential parameters when determining stresses in buried pipes. Values 
for these parameters were selected to represent real life operating/field conditions and 
to keep simulation times within manageable limits. According to the developed 
analysis plan, 720 3D finite element analyses were performed to compute the maximum 
pipe stress to develop a model for maximum pipe stress prediction. Each analysis 
consumed approximately 8 hours in a workstation having Intel 12 cores 2.67GHz-
128GB RAM. Furthermore, to simplify the analyses to a manageable level, the 
presence of road pavement was ignored, and it was considered that a single effective 
modulus representing the pavement and soil can be used to represent the backfill 
condition. The parametric study has been conducted for pipes buried in fine-grained 
soil which was calibrated for unsaturated/saturated Nor-Sand elsewhere (Robert, D.J, 
Soga, K, et al. 2016; Robert, D.J. et al. 2016) 
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Table 4.4 Analyses Plan 
Cover 
height-H 
(m) 
Pipe 
Diameter-D 
(mm) 
Pipe 
Thickness-t 
(mm) 
Internal 
Pressure-P 
(kPa) 
Soil 
suction-s 
(kPa) 
Traffic 
Load -
W(kN) 
0.4 340 10 0 0 (Sr=0%) 5 
10 
15 
20 
25 
30 
30 
(Sr=20%) 
 
10 
(Sr=40%) 
5 (Sr=60%) 
2 (Sr=80%) 
600  
1500 
20  
660 10,20 
0.8   
 
4.3.3.2 Model development 
The stress prediction model was developed considering the selected variables in a 
systematic way with linear regression analyses. Numerous forms of functional relations 
were checked with varying success levels to find a more accurate relationship to predict 
the maximum pipe stress. Several forms of trial functions were assessed considering 
independent variables as well as non-dimensional quantities. A better accuracy was 
obtained with the functional form which used independent variables compared to the 
other forms of the trial functions. Based on available analytical equations (such as 
Spangler, modified Spangler, Ring model and modified ring) and dimensions of the 
independent variables, the equation was dimensionally arranged with the ratios of 
independent variables. Some of the trial function forms used in regression analyses are 
shown in Table 4.5 with the varying correlation coefficients obtained (i.e.0.5<R2<0.9). 
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Table 4.5 Trial function forms used in the study 
Trial equation Forms R2 
 0.65 
 0.51 
 0.81 
 
The final form of the developed model is shown in equation 4.1, and the values of the 
regression coefficients are shown in Table 4.6. The ratios of independent variables in 
equation 4.1 were selected in such a way that they represent well-known pipe stress 
relations (Marston, A. & Anderson, A. O. 1913; Spangler, M. G. 1941; Young & Trott 
1984) and dimensional analyses of the variables. 
 
      
 
(4.1) 
Where P is the internal pressure, W is the traffic load, t is the pipe thickness, Ep is the 
pipe stiffness, D is the pipe diameter, γ is the unit weight of the soil and s is the soil 
suction. All the variables for the regression analysis were considered with SI units.  
 
 
𝜎 = 𝑏1 + 𝑏2(𝜋1) +  𝑏3(𝜋2) +  𝑏4(𝜋3) +  𝑏5(𝜋4) + 𝑏6(𝜋5) + 𝑏7(𝜋6)
+ 𝑏8(𝜋7) 
𝜎. 𝐷2
𝑊 + 𝛾. 𝐷2. 𝐻
= 𝑏1 + 𝑏2(𝜋6)𝑏3(𝜋7)𝑏4 [𝑏5 (
(𝜋1)𝑏6
(𝜋2)𝑏7 + (𝜋3)𝑏8
)
+ 𝑏9 (
(𝜋2)𝑏10 . (𝜋3)𝑏11
𝑏12(𝜋6) + 𝑏13(𝜋5)+𝑏14(𝜋4)
)] 
𝜎. 𝐷2
𝑊 + 𝛾. 𝐷2. 𝐻
= 𝑏1 + 𝑏2(𝜋6)𝑏3(𝜋7)𝑏4 [𝑏5 (
(𝜋1)𝑏6
(𝜋2)𝑏7 + (𝜋3)𝑏8
)
+ 𝑏9 (
(𝜋2)𝑏10 . (𝜋3)𝑏11
𝑏12(𝜋6) + 𝑏13(𝜋5)+𝑏14(𝜋4)
)] + 𝑏15. 𝜋5 
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Table 4.6 Values of Regression coefficients 
 
 
 
 
The developed model can be used to calculate the maximum stress in pipes buried in 
an unsaturated soil without using the full-scale 3D FE analyses solutions. The error 
distribution of the developed model with the FE model prediction is shown in  
Figure 4.12. It can be seen that the maximum stress variation is within the range of 10 
MPa with an error of less than 5 MPA in most of the predictions. It can also be seen 
that the developed equation can predict the pipe stress with a correlation coefficient of 
0.972 and a coefficient of determination of 0.9447 which shows the higher accuracy in 
predictions of the developed equation. 
 
Figure 4.12 Fitted normal distribution for error in the developed model 
Regression coefficient Value 
β1 0.98394 
β2 4.10605 
β3 0.18911 
β4 -0.21983 
β5 1.56334 
Β6 -0.00024 
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4.3.4 Results analysis 
4.3.4.1 Saturation effect on pipe-soil interaction 
Pipe-soil interaction plays a significant role in the evaluation of buried pipe stresses as 
it directly relates with the stress transfer between the external load (say traffic load) 
and the buried pipe. The resultant pipe stress can be governed by the condition of pipe-
soil interaction which in turn depends on a series of factors such as initial soil density, 
degree of soil saturation, effective over-burden soil stress (i.e. cover height) and the 
interface properties between the pipe and the soil (i.e. interface friction co-efficient). A 
series of FE analyses were conducted to identify the effects of soil-water saturation on 
the stress variation around buried pipes subjected to internal and external loads. The 
impact from different interface conditions between soil and pipe have also been 
illustrated under unsaturated soil conditions. In order to investigate the pipe-soil 
interaction on the pipe stress response, analyses were conducted on a pipe (D=340 mm) 
buried at 400 mm depth in fine sand (Gs=2.65, emax=0.95, emin=0.50, coefficient of 
curvature Cc=1.06; uniformity coefficient Cu=2.1), which was simulated using an 
unsaturated Nor-Sand model (Robert, D.J. et al. 2016). Suction characteristics at 
different initial states (i.e. SWCC) and particle size gradation of the sand utilised in this 
study are showed in Figure 4.13. Other calibrated properties which were obtained from 
suction controlled unsaturated triaxial tests are shown in Table 4.7. 
 
 
 
 
 
 
 
Figure 4.13 SWCC (at various dry densities) and particle size distribution for sand 
used in current study (Robert, D.J. 2010) 
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Table 4.7 Nor-sand properties 
 
The FE results revealed that the stress states of the pipes subjected to internal/external 
loading can be considerably affected by the pipe-soil interaction condition which is 
mainly governed by initial soil saturation. For instance, Figure 4.14a shows the 
variation of maximum pipe stresses under a traffic load of 30 kN for pipes buried at 
0.4m embedded depth. They depict that the resultant pipe stresses can be affected by 
the level of initial soil saturation (or suction), i.e. the change in maximum pipe stress 
can be up to 40% for pipes buried in an unsaturated medium compared to dry/fully 
saturated soil (Figure 4.14a). The resultant pipe stress variation showed in Figure 4.14 
directly corresponds to the variation of pipe deformations which were induced by pipe-
soil interaction stresses due to external traffic loads as showed in Figure 4.14b. The soil 
condition with a higher unsaturated strength and stiffness due to suction resulted in less 
increase in the soil’s effective stresses above the pipe during ground surface traffic 
loads. For instance, the increase in the soil deviatoric stress around the pipe showed 
higher stress levels for 80% soil saturation  compared to 40% soil saturation of  (Figure 
4.15a), reflecting larger pipe stress in 80% soil saturation than in 60% soil saturation 
(Figure 4.15b). Such trends in the soil’s effective stress variations are predominantly 
governed by variation in the unsaturated strength (apparent cohesion) for this sand 
(Figure 4.16). The increase in soil stress due to traffic load is largely concentrated 
Behaviou
r 
Parameters Dry sand Unsaturated 
sand 
Elastic Poisson’s ratio  0.35 0.35 
Shear modulus constant (G)  300 850 
Plastic Pressure exponent (n) 0.5 0.5 
Hardening parameter (h)  300 400 
Maximum dilatancy coefficient 
(χ) 
2.5 3.5 
Unsaturate
d 
Dilatancy enhancement constants   
Ad - 10 
K1 - 1.5 
Sdmax - 0.25 
S1 - 0.3 
Cohesion enhancement constants   
As - 5 
K2 - 1.7 
Ssmax - 0.55 
S2 - 0.5 
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D = 340 mm 
around  45o location of the pipe (Figure 4.17), resulting in higher tensile stresses at 
the bottom of the pipe crown as shown in Figure 4.15b. Thus, the buried pipe’s stress 
state is mainly governed by the pipe-soil interaction which is influenced by the suction 
effect of the backfill soil medium. However, the effect of soil saturation (i.e. suction) 
has less significance on the pipe stress when pipes are buried at higher depths as suction 
stresses could be over-shadowed by the higher confining stress effects. 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
                                                        (b) 
Figure 4.14 Effect of soil saturation on (a) Pipe stress (b) Pipe diameter change and 
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Figure 4.15 Soil and Pipe stress variation (a) Soil Deviator stress around Pipe (b) Pipe 
circumferential Stress variation 
 
 
 
 
 
 
 
 
Figure 4.16 Variation of effective cohesion (c'u) with saturation for Tokyo Gas sand 
at the dry density of 1.58 g/cm3 
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Figure 4.17 Illustration of soil stress distribution 
Pipe stress resulting from different interface conditions demonstrated that pipe stress 
can be independent of the interface frictional behaviour between pipe and soil. The 
results of the analyses are shown in Figure 4.18 for maximum circumferential stress of 
the pipe under a traffic loading of 30 kN for different interface conditions (i.e. friction 
coefficient 0, 0.25, 0.5 and 0.75). They revealed that the interface friction has a 
negligible effect on the resultant maximum stress of the pipe. However, Potyondy 
(Potyondy 1961) showed that skin friction between the soil and the construction 
material (such as steel and concrete) can be substantial and depends on many factors 
such as the moisture content of soil, roughness of surface, composition of soil and the 
intensity of normal loads. Considering the negligible effect of the pipe-soil interface in 
this problem, the analyses conducted in this study assume a frictionless interface as was 
assumed in developing the analytical models available for pipe stress predictions. 
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Figure 4.18 Pipe circumferential stress variation under different interface conditions 
 
The stress predictions for the same example using analytical models resulted in 
significant overestimations, i.e. overestimations of 166%, 101%, and 31.7% from Ring, 
modified Ring, and modified Spangler, respectively and 42% underestimation from the 
Monash model compared to the current analyses results based on 40% water saturation 
and 0.4m cover height (Table 4.8). The overestimation of pipe stresses using analytical 
models are mainly attributed to the lack of soil support in the corresponding model 
implementations. The underestimation of Monash pipe stress prediction model can be 
well due to the consideration of linear elastic approximation along with dry/saturation 
medium of embedment condition. A significant contribution can be encountered with 
the incorporation of soil saturation effect in the framework of pipe stress prediction. 
Table 4.8 Maximum pipe stress comparison with available models under different 
saturations 
Saturation (%) 0 20 40 60 80 
FEM 63.5 49.59 48.14 50.75 59.03 
Elastic Ring 128.43 128.43 128.43 128.43 128.43 
Modified Elastic Ring 96.5 96.5 96.5 96.5 96.5 
Modified Spangler model 63.22 63.22 63.22 63.22 63.22 
Monash model 27.8 27.8 27.8 27.8 27.8 
Variation compared to FEM 102.252 158.9837 166.7844 153.064 117.5673 
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4.3.4.2 Comparison of available models, FE results, field data and developed equation 
Results from the proposed model (Eq. 1) and the FE results are compared with those 
from the Elastic ring, (Watkins, Reynold King & Anderson 1999), Spangler model and 
Modified Spangler model (Warman et al. 2009) to examine the accuracy in the 
prediction of maximum pipe stress at the pipe crown. This study was conducted on of 
340 mm diameter pipes with a thickness of 10 mm subjected to 30kN traffic load buried 
at 0.4 m and 0.8 m depths. 
 
 
 
 
 
 
 
 
 
 
(a)  
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 (b) 
Figure 4.19 Comparison of available models predictions with FE results and 
developed equation (D=340 mm, t=10 mm, W=30 kN, P=0) (a) at 0.4m cover height 
(b) at 0.8m cover height 
As shown in Figure 4.19, the maximum pipe stress predictions from the modified Ring 
model, Spangler model and modified Spangler model was compared with FE 
predictions and developed model predictions under different soil saturations. Ring 
model predictions more accurate than FE results as lateral soil support is not considered 
in the Ring model. Nevertheless, the stress computations on the basis of the Spangler 
and Modified Spangler models are comparable with the FE predictions as the models 
incorporate the soil stiffness (i.e. lateral support) within the developmental framework 
(excluding soil saturation effect). The predictions obtained from these models are 
closer to the FE predictions when the soil is in dry conditions, however, these models 
cannot capture the variation of stress induced by soil saturation. There can be 10%–
70% overestimations of maximum pipe stress from available models when the pipe is 
buried in unsaturated soil. The results from the 3D FE models and the proposed model 
show reasonable agreement in the maximum stress for pipes buried in unsaturated soils. 
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(b) 
 
Figure 4.20 Comparison of developed model with Field data (a) Variation with 
internal pressure (b) Variation with Traffic Load and Internal pressure 
The predictions from the proposed model were also compared to the field test data 
reported in (Robert, D.JRajeev, P, et al. 2016) for the test pipe (D=660 mm, t=25 mm) 
buried at 95% saturation at 1.7g/cm3 initial dry density. The input parameters for the 
proposed model were obtained as per to idealising the fine-grained soil with field’s test 
bed condition (section 2.3) along with near zero suction considering high degree of 
initial saturation. The model predictions were shown for internal water pressure loading 
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(Fig. 4.14a) as well as combined loading effects of water pressure and traffic loads (Fig. 
4.14b). Results revealed that the proposed model is capable of predicting realistic pipe 
stresses for high degrees of saturation under internal and external loading. There are no 
test data reported in the literature for assessing the model predictions at a low degree 
of saturation. However, large scale experiments are being performed to investigate the 
actual response of the buried corroded pipes subjected to operational loadings at 
various degrees of saturation.  
4.3.5 Possible applications of the proposed equation 
The proposed equation can be used for various applications in the design and 
assessment of buried pipes. As currently available models cannot capture the effect of 
soil saturation on the buried pipe’s stress, this proposed equation can be used to assess 
the pipe conditions in more realistic, non-dry soil conditions. The possible application 
of the developed model is highlighted below with the aid of two examples. 
4.3.5.1 Prediction of remaining service life of an existing pipe under uniform 
corrosion 
The proposed equation can be used to estimate the remaining safe life of buried pipes 
considering an important parameter of soil water saturation in addition to the other key 
parameters considered in the available analytical tools. Let’s consider a pipe with 660 
mm diameter and 20 mm thickness buried 0.4 m below the ground surface and 
subjected to 30kN traffic load and a transient pressure of 1 MPa. Elastic modulus and 
tensile strength of the pipe are assumed as 207 GPa and 150 MPa, respectively, 
surrounded by soil with a dry density of 1700 kg/m3. If the surrounding soil’s saturation 
is closer to the residual saturation (say 20% for the sand being tested in the current 
study), it is not reasonable to utilise the existing pipe assessment models to assess this 
phenomenon. Considering the pipe, which could be assumed as having a uniform 
corrosion rate of 0.25 mm/year, with a required serviceability factor of safety being 1.5 
against tensile strength failure, the remaining service lives can be calculated as 
summarised in Table 7 on the basis of the developed model and other analytical models 
which are currently in practice. 
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Table 4.9 Application of the model for predicting service life  
Model Failure pipe thickness (mm) Predicted service life (yr) 
Developed model 5.7 57.2 
Ring 12.2 31.2 
Spangler 11 36 
Monash model 4 64 
Predictions revealed that the developed model forecasts the extended service life of the 
pipe compared to the Ring and the Spangler models which are currently used in the 
industry to predict the remaining life of the underground pipelines. In contrast, the 
prediction from the Monash model reveals over-prediction of service life of the pipe 
(up to 17%). The under-prediction (up to 45%) of service from the Ring and the 
Spangler models is due to the lack of soil restraint incorporation in the model’s 
developmental framework. The service life over-prediction from the Monash model 
could be due to the missing effect of the unsaturated soil’s plasticity in the model 
development. 
4.3.5.2 Assessment of existing or design performance of buried pipe  
It is also important to estimate the safety of the existing/design pipe against over-
burdening soil stresses and applied loads for planning/rehabilitation activities of asset 
managers. The developed equation can be used to calculate the maximum pipe stress 
(and safety) under given conditions and assess the factor of safety over operational 
loads. The factor of safety (tensile strength/maximum pipe stress) of the same pipe used 
in the previous example are shown in Table 7 in comparison with the predictions from 
other analytical models. The results reveal enhanced safety of the pipe using the 
developed model compared to the practising analytical tools (i.e. Ring and Spangler). 
Table 4.10 Pipe stress variation with thickness 
FOS from proposed model 5.4 
FOS from Ring model 3.4 
FOS from Spangler 3.6 
FOS from Monash model 6.3 
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4.4 Summary 
The study presented a detailed investigation of the effect of soil water saturation on the 
traffic load effect and the maximum stress being generated in buried pipes subjected to 
internal and external loadings using 2D and 3D FE models.  
Firstly, FE analyses were conducted to investigate the traffic load effect on the 
maximum induced stress of pipelines buried in unsaturated soil conditions. Results 
revealed that the pipe stress is lowered by 10-80% when buried in unsaturated 
conditions when compared to the response in dry soils for the tested pipe conditions. 
Further, the results from FE analysis were compared with analytical models and the 
influence of soil plasticity and moisture were clearly highlighted in the chapter 
description. 
Secondly, an analytical model has been proposed to compute the maximum stress of 
pipes buried in more realistic non-dry soil conditions using 3-D finite element analysis. 
The model has first been validated using the published field experimental data, and 
then a number of FE analysis based on an advanced soil constitutive model was 
performed to capture the effect of initial soil condition, pipe geometry and operating 
conditions. Regression analysis has been used in developing the new stress prediction 
equation considering a series of input variables. The developed closed form equation 
predicts the maximum pipe stress with good accuracy, incorporating the soil water 
saturation effect within the modelling framework. The proposed equation, which was 
developed considering a fine-grained sandy soil, is explicit which denotes that it can 
be used directly either using a calculator or a spreadsheet to compute stresses once the 
main external and internal factors have been estimated. The proposed equation can be 
useful in probabilistic analyses where a large number of calculations need to be carried 
out to account for uncertainty of the input variables. 
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5 Stress prediction of buried pipes with corrosion patches. 
5.1 Introduction 
Corrosion can be identified as one of the main governing factors for the deterioration 
of buried pipes as discussed in Chapter 2. Many studies in the literature were proposed 
using Stress Intensity Factor and Stress Concentration Factor as fundamental methods 
to assess the corroded pipes under operational loads. Most of these methods were 
adopted either for standalone pipes (i.e. with no interaction with soil) or pipes buried 
under dry/elastic soil medium. No studies have been reported in the past with respect 
to corroded pipe assessment considering non-linear soil behaviour or in particular 
considering soil moisture content as a governing parameter. The main objective of this 
study is to assess the response of corroded pipes subjected to operational loads (i.e. 
internal/external loads) considering realistic soil behaviour that includes soil non-
linearity and moisture effects. 
This chapter describes the application of the 3D Finite Element (FE) method with 
advanced soil constitutive models to analyse the behaviour of pipes with various 
corrosion patch geometries under the combination of internal and external loadings. 
The results obtained from a rigorous 3D FE analysis plan are used to propose an 
analytical model for predicting maximum pipes stress considering the soil saturation 
effect, corrosion patch geometry, and various load combinations. 
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5.2 Study on Stress Intensity Factor with FE modelling. 
First, detailed investigations were performed to determine the failure prediction of 
pipes using stress intensity factors to idealise crack-like pipe defects. This section 
presents the development of a 3D numerical model which was used to study the effect 
of external corrosion geometry on stress intensity factors for external surface cracks in 
cast iron water mains. Spherical patch geometry was adopted to characterise the 
external corrosion patch. 
5.2.1 Three-dimensional finite element modelling 
Pipes with patch corrosion containing semi-elliptical surface cracks were simulated 
with 3D FE analysis in this study to obtain stress intensity factors. A pipe with internal 
radius R, wall thickness t, and length L containing a semi-elliptical surface crack of 
length 2c, and depth a on the outer surface of the pipe is shown in Figure 5.1 which is 
used for the validation of the developed in the current FE models. Figure 5.2 shows a 
detail geometry idealisation of a surface crack on a corroded pipe surface. The 
corrosion patch surface is modelled as a spherical surface with a radius Rp and a depth 
ap. In the present study, whole pipe models have been adopted for analysis. The pipe 
length is selected to satisfy L/c> 20 in order to minimise the length effect on the stress 
intensity factor. For all analyses in this chapter, the widely used FE software ABAQUS 
was used in conjunction with external sybroutine supported advanced soil constitutive 
models. 
Figure 5.1. Semi-elliptical external surface crack in a pipe 
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R
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There are two approaches to evaluate the stress intensity factors numerically: the 
displacement-based and energy-based methods. The displacement-based method 
requires a very fine mesh as results depend on the displacements obtained from the 
analysis. Therefore, the energy-based method is employed largely in research studies 
to calculate the stress intensity factor numerically (Li, CQ & Yang 2012). 
RP
ap
Semi-elliptical crack 
front
Patch corrosion 
t
L/2
φ 
 
 
Figure 5.2. External surface crack on a corroded pipe surface 
 
In this study, the contour integral method available in the ABAQUS software 
(ABAQUS 2011) was used to determine KI values based on the energy method. In the 
FE model, 20-node quadratic brick elements with reduced integration (C3D20R) were 
employed in the contour integral regions. However, the 1st contour integral region 
which surrounds the crack line is modelled with wedge elements and 15-node quadratic 
triangular prism elements (C3D15) as shown in Figure 5.3 in order to create a sharp 
front and improve the accuracy of the modelling process. 
The square-root of the singularities of stresses and strains at the semi-elliptical crack 
front was modelled by shifting the mid-point nodes to the quarter-point locations (Mid-
side node parameter=0.25). Other regions of the pipe were modelled with 10-node 
quadratic tetrahedron elements appropriately to minimise the model size and reduce 
the run time of the model with higher accuracy of the results. The pipe mesh 
discretisation is shown in Figure 5.4. 
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Figure 5.3. Mesh discretisation and contour integrals around crack line 
 
 
 
 
Figure 5.4. Mesh discretization in corroded and non-corroded pipe surface 
 
In this study, boundary conditions and loadings were kept unchanged for all the 
analyses As shown in Figure 5.5, the bottom line of the pipe was fixed for all X,Y and 
Z directions. An internal pressure of 0.6 MPa was applied on the internal surface of the 
pipe for all analyses. 
Surface crack on non-
corroded pipe 
Surface crack on pipe with 
patch corrosion 
1st contour integral 
(C3D15 elements) 
2nd – 6th contour integrals 
(C3D20R elements 
Crack Front 
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Figure 5.5. Boundary conditions of the pipe 
 
5.2.2 Validation of the FE model 
Prior to using the developed 3D FE models for detailed analysis, it is necessary to 
validate the created models to ensure that the results from those models are within an 
acceptable range. The results published by Raju and Newman (1982) are used for the 
validation as results from the laboratory experiments or field are very scarce in 
literature. Figure 5.1 depicts an idealised section of a pipe with an external surface 
crack. Stress intensity factor for an external surface crack in a pressurised pipe can be 
determined as follows (Raju & Newman Jr 1979): 
5.1 
 
where P is the internal pressure, R is the internal radius of the pipe, t is the pipe 
thickness, a is the depth of the surface crack, Q is the shape factor for the elliptical 
crack, and Fe is the boundary correction factor for the external surface crack. Fe can be 
determined from: 
 
5.2 
 
Bottom line of the 
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where Ro is the outer radius of the pipe and Gj (j=0, 1, 2, 3) is the influence coefficient 
for the jth stress distribution on the crack surface which can be obtained from the FE 
analysis as discussed by Raju and Newman (1982). The correction factor for the semi 
elliptical cracks Q can be determined from: 
5.3 
 
 
Table 5.1. Comparison of the boundary-correction factor (Fe) for the external surface 
crack from FEM with those from Raju and Newman (t/R=0.1) 
 
a/c 
angle 
(φ) 
a/t=0.2 a/t=0.5 
FEM 
Raju and 
Newman 
(1982) 
Difference 
(%) 
FEM 
Raju and 
Newman 
(1982) 
Difference 
(%) 
0.4 
 
 
 
 
0 0.784 0.753 4.17 0.991 0.946 4.77 
π/8 0.820 0.788 4.09 1.004 0.968 3.73 
π/4 0.958 0.920 4.13 1.163 1.115 4.29 
3π/8 1.060 1.021 3.76 1.281 1.238 3.50 
π/2 1.094 1.056 3.66 1.324 1.282 3.25 
1 
  
  
  
  
0 1.158 1.104 4.89 1.275 1.216 4.82 
π/8 1.081 1.037 4.30 1.178 1.127 4.51 
π/4 1.045 1.004 4.05 1.120 1.079 3.78 
3π/8 1.030 0.992 3.81 1.094 1.063 2.89 
π/2 1.026 0.989 3.74 1.086 1.060 2.41 
 
Raju and Newman (1982) used the FE analysis to derive the influence coefficient (Gj) 
for pipes with semi-elliptical internal and external surface cracks. These influence 
coefficients were derived on the basis of four basic load distributions, uniform, linear, 
quadratic, and cubic, across the crack surface. For comparison purposes, a/c ratios of 
0.4 and 1, a/t ratios of 0.2 and 0.5, and t/R ratio of 0.1 were considered as shown in 
Table 5.1. It should be noted that the Fe values in this study were calculated using 
Equation 5.1 with KI values obtained from the FE analysis while those published by 
Raju and Newman (1982) were calculated using Equation  
5.2. According to the FE results presented in Table 5.1 along with Raju and Newman’s, 
it is evident that FEM results are in good agreement with Raju and Newman’s results. 
The difference between these two is less than 5% which suggests that these developed 
3D FE models can be employed in the calculation of the stress intensity factor for semi-
elliptical surface cracks when the pipe surface is corroded. 
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5.2.3 Effect of corrosion patch geometry on stress intensity factor 
Pipe surfaces can have various undulations due to the manifestation of corrosion with 
complex geometries. Therefore, in this study, patch corrosion with a spherical surface, 
having a radius Rp and a depth ap was considered as shown in Figure 5.2 and Figure 
5.4. A series of FE analyses were conducted considering a semi-elliptical seam crack 
with a/c ratio=1 and a/t ratio=0.2 embedded in various geometries of corroded patches 
in the longitudinal direction. Corrosion patches with ap/t ratios of 0.2 and 0.5, ap/Rp 
ratios of 0.05, 0.075, and 0.1, and Rp/R ranging from 0.2–1 with R/t=0.1 were 
considered in this series of analyses. 
The stress intensity factors can be determined using the FE analysis and these results 
are normalized by KI in Equation 5.1. 
Table 5.2. Variation of Fe with corrosion patch radius (ap/t=0.2) 
angle (φ) 
Rp 
30 mm 40 mm 60 mm 150 mm 
0 1.534444 1.594808 1.618523 1.719041 
π/8 1.506417 1.531749 1.552769 1.623374 
π/4 1.418296 1.439855 1.4633 1.529593 
3π/8 1.370328 1.390539 1.415332 1.479739 
π/2 1.354967 1.374909 1.399702 1.463569 
 
Table 5.2 shows the FE analysis results for various corrosion patch curvatures. 
According to these results, it can be observed that there is a slight increase in the stress 
intensity factor with the increase of the corrosion patch radius, however, this variation 
is very low for the considered cases where ap/t=0.2. When increasing the corrosion 
patch radius from 30 mm to 150 mm there was about an 8–12% increase in the stress 
intensity factor depending on the considered location (φ). Increasing the radius of the 
corrosion patch without changing the patch depth (ap) increases the corrosion patch 
area which causes slight variations of stress distribution around the crack area. Due to 
these stress variations, a slight variation of stress intensity factors can be expected as 
they are a function of stress around the crack front and other factors as stated 
previously. 
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According to the results, a decreasing trend can be identified in the variation of the 
stress intensity factor with ap/Rp ratios as shown in Figure 5.6; the same variation can 
be observed for different locations of the crack (φ=0- π/2). 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
(b) 
Figure 5.6 Variation of Fe with ap/Rp ratio : (a) ap/t=0.2 (b) ap/t=0.5 
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The stress intensity factor decreases with increase in the D ratio as shown in Figure 5.6, 
however, this variation is very low when the ap/t ratio is lower (Figure 5.6-a) compared 
to higher ap/t ratios (Figure 5.6-b). The variation of the stress intensity factor is less 
than 5% when ap/t=0.2 and there can be seen a higher variation of 11-13% when 
ap/t=0.5. This is because the increase in the ap/t ratio has resulted to decrease the 
remaining wall thickness which in turn increases the stress at that location due to 
applied loadings. 
Table 5.3 shows the FE analysis results for various corrosion patch geometries; these 
values can be employed in the calculation of the stress intensity factor for a semi-
elliptical surface crack on a corroded pipe surface. However, these values can be 
applied only for very limited geometries as this work is intended only to study the 
behaviour of the stress intensity factor due to the corrosion geometries. 
Table 5.3 Fe values for various corrosion patch geometries (a/c=1, a/t=0.2, R/t=0.1) 
ap/t angle (φ) 
ap/Rp 
0.05 0.075 0.1 
0.2 
0 1.618523 1.594808 1.534444 
π/8 1.552769 1.531749 1.506417 
π/4 1.4633 1.439855 1.418296 
3π/8 1.415332 1.390539 1.370328 
π/2 1.399702 1.374909 1.354967 
0.5 
0 2.594056 2.417275 2.276065 
π/8 2.740656 2.552017 2.424281 
π/4 2.564682 2.388979 2.274178 
3π/8 2.444762 2.277682 2.170966 
π/2 2.401375 2.23699 2.133238 
 
In this section, the effect of external corrosion geometry on stress intensity factors for 
external surface cracks in cast iron water mains was explored using 3D FE analyses. 
According to the results, it was found that variation of the stress intensity factor due to 
the variation of the corrosion patch radius (30–150 mm) is about 8–12%. Furthermore, 
it can be noted that there is a decreasing tendency in the variation of Fe with ap/Rp ratio 
and variation of Fe increased with the variation of ap/t ratio. In order to investigate the 
effect of corrosion in detail, a comprehensive study was conducted using 3D FE models 
as described in following section. 
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5.3 Prediction of maximum stress on corroded pipes buried in unsaturated soils. 
The results from section 5.2 revealed that corrosion can significantly affect the stress 
state of the pipe (i.e. stress intensity) and, the corrosion geometry governs the 
determination of the pipe’s response when subjected to loads. Therefore, effects of 
corrosion patch geometry under internal and external loadings were further studied in 
detail considering the pipe’s maximum stress in order to propose a closed form solution 
as a function of the key physical variables that include soil saturation, patch geometry, 
and various operational loading considerations. 
5.3.1 Selection of parameters for corrosion geometry 
In order to determine the size and shape of corrosion pits to conduct the detailed 
assessment, a detailed investigation was conducted on the basis of exhumed pipes to 
identify realistic corrosion defects. A corrosion patch can be described with three basic 
components: corroded depth (a), the longitudinal length of the corroded patch (2c), and 
the circumferential length of the corroded patch/ patch width (2b) as shown in Figure 
5.7. Various dimensionless variables such as a/c, a/t, b/c, and t/R (where, t is the pipe’s 
wall thickness and R is the internal radius of the pipe) ratios were considered to 
normalise the variables. 
 
 
 
 
 
Figure 5.7 Illustration of Corrosion patch geometry 
 
Figure 5.8 shows examples of exhumed pipes which were used to study the corrosion 
patch geometries. All the corroded patches were first measured for obtaining a database 
of the corrosion pit/patches to facilitate the current study. The data were recorded in 
terms of  a/c, a/t, b/c, and t/R ratios as summarised in Table 5.4. 
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Figure 5.8 Corroded pipes used to study the corrosion geometries 
 
Table 5.4 Observed values of the corroded pipes 
Ratio t/R a/c a/t c/b 
No of observations 76 23 60 23 
Maximum 0.144 2.281 1 6.337 
Minimum 0.014 0.038 0.2 0.499 
Average 0.069 0.388 0.914 1.82 
 
Based on the observed values and considering the geometries used in previous research 
studies, the geometry ratios shown in Table 5.5 were selected for a detailed 
investigation of the stress analysis of corroded pipes. According to the selected 
variables, a total of 54 different corrosion geometries were selected in order to deeply 
investigate the effect of corrosion geometry on the pipe’s stress response. 
Table 5.5 Selected geometry variables for the study 
t/R a/c a/t b/c 
0.1 0.2 
0.2 
0.25 
0.5 
1 
0.5 
0.25 
0.5 
1 
0.8 
0.25 
0.5 
1 
0.15 0.4,1 0.2,0.5,0.8  0.25,0.5,1 
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5.3.2 Three dimensional FE modelling for the stress analysis of corroded pipes 
5.3.2.1 Geometrical model of the corroded patch 
In this study, the localised form of corrosion and different corrosion patch geometries 
were generated using ABAQUS CAE. To generate the three-dimensional patch on the 
pipe, a solid shape was first created as shown Figure 5.9. In order to create the solid 
shape a semi elliptical shape with dimensions x and y (Figure 5.9) was used, and this 
shape was extruded along an arc with radius ‘r’. The following formulations were 
adopted to calculate x and y corresponding to the expected patch geometry dimensions 
a, b, and c, internal pipe radius R, and pipe thickness t. 
𝑏2
𝑥2
+
{𝑅 + 𝑡 − (𝑅 + 𝑡) cos [tan−1
𝑏
𝑅 + 𝑡]}
2
𝑎2
= 1 
y=a 
The value of the ‘r’ was calculated considering a circle which passes through (0,a), 
(c,0), and (2c,a). After its creation, the solid shape was used to create the patch on the 
pipe using the ‘cutting’ method in ABAQUS CAE. 
 
 
 
 
 
 
 
 
Figure 5.9 Solid shape to create the patch geometry 
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5.3.2.2 FE model and mesh discretization 
3D FE analyses were conducted using ABAQUS 6.14 standard to obtain the maximum 
pipe stress in corroded patches. Considering the symmetry, only half of the model was 
created for the analysis. Both soil and pipe were represented by 8-noded brick reduced 
integration elements. The soil side boundaries of the FE model were assumed to be 
smooth and were located at a 2m distance from the pipe wall to eliminate any boundary 
effects. The dimensions and the mesh density of the model were selected to reduce the 
computational time without affecting the modelling results. Figure 5.10 shows the 
mesh discretization of the model with dimensions; 4602 solid elements were used to 
represent the soil, and the pipe is represented with an average of 3100 solid elements. 
Traffic loads were applied as a patch load with a circular area, and interaction between 
pipe and soil was considered frictionless as described in Section 4.3. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Finite element mesh discretization of soil and patch pipe 
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5.3.2.3 Modelling of soil 
In this study, the soil behaviour was modelled as the unsaturated Nor-sand model to 
simulate the unsaturated behaviour of soil which is described in Section 4.3.1 and, the 
dry soil behaviour was assumed as linear elastic considering the over-consolidated 
nature of the soil above the buried pipe.  
5.3.2.4 Modelling of pipe 
The behaviour of the pipe material was considered elastic to simplify the model without 
affecting the analysis results, (in the analyses, the pipe material did not reach the 
yielding limits) and, the modulus of the elasticity of the pipe was taken as 150 GPa. 
The modulus value was selected based on the exhumed pipe’s data from the 
experiments (Figure 5.11) which were carried out to determine the tensile strength of 
the exhumed pipe’s materials. 
 
 
 
 
 
 
 
Figure 5.11 Stress-Strain relation for exhumed cast iron 
 
5.3.2.5 Model calibration 
The calibration of the FE model is based on the details presented in sections 3.5.2 and 
4.3.3 which described and compared the variation of pipe strains and soil stress with 
experimental studies. The same FE model was used in the current study to investigate 
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the effect of corrosion on the maximum stress of the pipes buried in a partially saturated 
soil medium.  
5.3.3 Analysis plan 
As previously elaborated (section 4.4.1), various factors such as loadings on the pipe, 
pipe geometry, soil saturation, burial depth, etc. can impact the stress condition of a 
buried pipeline subjected to internal and external loadings. This study aims to 
investigate the effect of corrosion geometry, saturation and loadings. Based on the 
selected corrosion geometries, loads, and saturation conditions, the analysis plan was 
developed as shown in Table 5.6. A soil cover height of 0.4m was selected as it can be 
the minimum (as well as the critical) soil cover for the buried water pipes as reported 
in the literature. 
Table 5.6 Analyses plan for the stress prediction of corroded pipes 
t/R a/c a/t b/c 
Saturation Internal 
Pressure 
(MPa) 
Traffic Load (kN) 
0.1 
0.2 
0.2 
0.25 
0 0 0,5,10,15,20,25,30 
0.75  
2 
40%  
80% 
0.5  
1 
0.5 
 
0.8 
0.4 
 
1 
0.15  
 
According to the developed analysis plan, a total of 2916 3-D FE analyses were 
conducted to investigate the effect of corrosion geometry on maximum pipe stress and 
thereafter to develop a model for maximum pipe stress prediction with different 
corrosion patch geometries. Each analysis consumed approximately 5 hours in a 
workstation having Intel 24 core, 2.67 GHz-128GB RAM processors. 
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5.3.4 Effects of corrosion patch geometry and saturation on the pipe response  
Various corrosion patch geometries were simulated in this study to investigate the 
stress variation behaviour of buried pipes under different load combinations and soil 
saturation conditions. The results of the analysis are presented in this section and 
discussed in detail. 
 
5.3.4.1 Variation of maximum pipe stress with corrosion patch geometry 
Effect of patch width/length ratio (i.e. b/c) on maximum pipe stress variation  
The effect of b/c (ratio of patch width to half length of the patch) on the maximum pipe 
stress is presented in the Figure 5.12 with respect to other geometrical parameters as 
mentioned. It describes the effect of corrosion geometry and therefore, all the results 
for the dry soil condition under internal pressure of 0.75 MPa and without any traffic 
loadings are presented here. However, similar trends were identified for other 
saturation levels and loading combinations with respect to the variation of geometrical 
parameters as presented here. Figure 5.12 shows the maximum pipe stress variation for 
lower aspect ratios (a/c <1) of the patch, and it was noted that the maximum stress 
slightly increased up to b/c=0.5 before it started descending. Therefore, higher stress 
can be expected when b/c=0.5 for corroded patches with lower aspect ratios. 
Furthermore, this indicates higher stress for higher a/t values due to the increase in 
corrosion depth. The effect of a/t will be described later in this section. 
Figure 5.13 shows a typical tensile stress distribution at corroded patches for different 
b/c values where a/t, a/c, and loadings (traffic load=0 kN, internal pressure=0.75 MPa) 
were kept constant for the shown instance. According to the details shown in Figure 
5.13, the patch surface (external surface of the pipe) was subjected to maximum stress. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 5.12 Variation of maximum pipe stress with b/c (patch width to patch length) 
for (a) a/c=0.4 & t/R=0.1; (b) a/c=0.4 & t/R=0.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
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(c) 
Figure 5.13 Tensile stress distribution at corrosion patch for a/c (patch depth to patch 
length)=1, a/t=0.8 and (a) b/c=0.25; (b) b/c=0.5; (c) b/c=1 
 
It can be observed that effect of b/c exhibits a different behaviour when the aspect ratio 
(a/c) of the corrosion patch has a higher value (a/c=1) when compared to the data 
presented in Figure 5.12. The maximum stress shows an increasing trend with increase 
in b/c values.  Figure 5.13 shows the stress contours at the corroded patch where it is 
noted that depending on the b/c ratio, the location of the maximum stress can be 
changed, and the maximum tensile stress was observed around the sharpest point of the 
patch. 
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Figure 5.14 variation of maximum pipe stress with b/c (patch width to patch length) 
for a/c=1 
 
Results further revealed that for lower aspect ratios, maximum stress was recorded 
when b/c was 0.5. For corrosion patches with higher aspect ratios, maximum stresses 
were expected to increase with increase in the b/c ratio. 
Effect of a/t on maximum pipe stress variaon 
The patch depth to pipe thickness ratio (a/t) generally defines the corroded depth, and 
increases in a/t will result in decrease of the remaining wall’s thickness. Figure 5.15 
shows the maximum pipes stress variation with a/t, and maximum stress increased 
rapidly, as expected, with increase in a/t. This behaviour is essentially due to the 
reduction of pipe thickness. It can also be noted that the increase in the aspect ratio 
(a/c) results in low gradients in the graphs (Figure 5.15), implying relatively small 
stress increments with increase in a/t at higher a/c ratios. When compared to the 
variation of the maximum pipe stress with a/t with respect to variation in the b/c value, 
there was no significance effect of b/c on the overall variation of the maximum pipe 
stress as shown in Figure 5.15 (a) and (b). 
Chapter 5  Stress prediction of buried pipes with corrosion patches 
 
123 
 
 
 
(a) 
 
(b) 
Figure 5.15 Variation of maximum pipe stress with a/t (patch depth to pipe thickness) 
for (a) b/c=0.5 & t/R=0.1; (b) b/c=1 & t/R=0.1 
 
Figure 5.16 shows the tensile stress variation stress contours for various t/R values. 
According to the contour plots, it can be noted that the maximum stress occurred at the 
same location (i.e. centre of the patch). Although t/R changes, maximum stress value 
changes as the remaining thickness gets reduced in each case. 
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(c) 
Figure 5.16 Tensile stress distribution at corrosion patch for a/c=0.2, b/c=0.5 and (a) 
a/t=0.2; (b) a/t=0.5; (c) a/t=0.8 
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Effect of a/c on maximum pipe stress variaon 
The effect due to the variation of the a/c aspect ratio on maximum pipe stress variation 
is shown in Figure 5.17, and the graphs shows reduction in the maximum pipe stress 
when the corrosion depth to thickness ratio is lower (Figure 5.17-a). However, it 
resulted in lower stress with increase of a/c ratio at lower corrosion depths (Figure 5.17-
b). At lower corrosion depths, the maximum stress increased (10–18%) up to a/c=0.4 
and then decreased with the increase in the a/c value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 5.17 Variation of maximum pipe stress with a/c (patch depth to patch length) 
for (a) a/t=0.8 & t/R=0.1; (b) a/t=0.2 & t/R=0.1 
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It can be seen from the results that there is significant impact of the geometry of 
corrosion patch on the maximum pipe stresses. Moreover, the variation of the 
maximum stress is not a simple function of a one geometrical value but a combination 
of all the geometrical non-linearity properties. 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
Figure 5.18 Tensile stress distribution at corrosion patch for a/t=0.8, b/c=0.5 and (a) 
a/c=0.2; (b) a/t=0.4; (c) a/t=1 (P= 2 MPa, T=0 kN) 
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Figure 5.18 illustrates the tensile stress distribution around the corrosion patch for 
different a/c ratios. According to the contour plots, the maximum tensile stress occurs 
at the centre of the patch for lower aspect ratios (a/c), and the location moves from the 
patch centre towards the pipe surface when a/c=1. With the increase of the a/c ratio, 
the stress seems to be distributed rather than concentrated at a certain area which causes 
the decrease in tensile strength.  
5.3.4.2 Variation of maximum pipe hoop stress with Soil saturation and loadings 
Number of analyses was conducted across three different saturation levels to 
investigate the behaviour of maximum pipe hoop stress variation in corroded pipes. 
The results from the analyses has been summarised through Figure 5.19 to Figure 5.21. 
The influence of saturation has been highlighted for different scenarios. Figure 5.19 
shows the saturation influence with different corrosion geometries, Figure 5.20 reveals 
the effect of saturation with internal pressure variation, and Figure 5.21 summarises the 
saturation effect with variation of applied traffic load.  
It was observed that the general trend of the maximum pipe hoop stress variation shows 
lower stress at 40% saturation levels compared to the dry and the 80% saturation levels. 
This observation is similar to that of Chapter 4. These results again verify the higher 
soil support on the pipe when buried in unsaturated conditions which results in lower 
pipe stress. Furthermore, it can be observed that the saturation effect is considerably 
higher when the internal pressure is zero. When it was compared the stress variation 
due to saturation for different b/c ratios, higher stress variation was observed when 
b/c=0.5. This implies that the  effect of saturation is not similar for all corrosion 
geometries, and the saturation effect on the pipe stress depends on the geometrical 
parameters of the corrosion patch. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 5.19 Variation of maximum pipe hoop stress with saturation for (a) b/c=0.25 
& t/R=0.1; (b) b/c=0.5 & t/R=0.1 
Figure 5.20 shows the variation of maximum pipe hoop stress with increase in internal 
pressure, and the maximum pipe hoop stress increased with internal pressure as 
expected. As internal pressure contributes mostly to the generation of the pipes’ stress, 
it is obvious that pipe stress will increase with internal pressure. As observed in the 
previous scenario (Figure 5.19), a low pipe stress was recorded at 40% saturation level. 
Additionally, it has been shown that higher stress was generated for b/c=0.5 at higher 
internal pressure levels when compared to b/c=0.25. 
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(b) 
 
Figure 5.20 Variation of maximum pipe hoop stress with internal pressure for (a) 
b/c=0.25 & t/R=0.1; (b) b/c=0.5 & t/R=0.1 
 
The variation of maximum pipe hoop stress due to the applied traffic loadings is shown 
in Figure 5.21 with and without internal pressure. As expected, with increase in the 
traffic load, the maximum pipe hoop stress increases. However, it should be noted that 
it depends on the location of the corrosion patch, that is, whether the corrosion patch is 
located on the pipe crown or the spring line and whether it is internal or external. In 
this study, the corrosion patch was placed at the spring line as higher tensile stress 
occurred on the outer surface of the spring line due to the application of traffic load. 
According to the Figure 5.21 (b), the rate of increase of tensile stress due to the 
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application of traffic load is low when the soil is at 40% saturation level. Although all 
the data is not presented here, it should also be noted that the stress increase due to the 
applied traffic loading can depend on the corrosion geometry of the patch. 
The results presented here reveal that internal and external loadings can have a 
significant impact on the maximum pipe hoop stress, and at the same time, soil 
saturation can change the stress level of the pipe depending of corrosion geometries 
and load combinations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 5.21 Variation of maximum pipe hoop stress with traffic load for (a) b/c=0.25 
& t/R=0.1; (b) b/c=0.5 & t/R=0.1 
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Figure 5.22 shows the radial soil distribution for different saturation levels. The 
distribution patterns are similar for the dry soil and soil at 80% saturation while soil at 
40% saturation makes a difference. When considering the pipe stress variations, similar 
stress variation trends were observed such that dry and 80% saturation condition 
showed similar stress while 40% saturation case showed relatively less pipe stress. 
According to the soil stress distributions, it was noted that there was more soil support 
at the 40% saturation level compared to the other two levels. At dry and 80% saturation 
conditions, mostly a vertical load was applied over the pipe crown, while at 40% 
saturation level stress are not concentrated over the pipe crown. 
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(c) 
 
Figure 5.22 Radial soil stress variation around the pipe for T=20kN and (a) Dry soil; 
(b) 40% saturated soil; (c) 80% saturated soil 
 
5.3.5 Model development for maximum stress calculation for corroded pipes 
The maximum stress prediction model for buried pipes with corroded patches was 
developed on the basis of 3-D finite element analysis data by considering the corrosion 
geometries and other governing variables of the pipe (radius and thickness) and soil 
(degree of saturation). The equation was developed for the stress concentration factor 
(SCF) which can be defined as a dimensionless ratio between nominal stress (pipe 
stress without corrosion) and maximum stress at corrosion patch. Hence, the equation 
can be used for any general consideration for obtaining maximum stress of the corroded 
pipe once the nominal stress can be determined using the model proposed in Chapter 
4. 
Several forms of trial functions were tested for obtaining most suitable form of the 
equation and found that exponential function provides the highest accuracy based on 
the considered data set obtained from 3-D finite element analysis data. The model was 
proposed using the loading cases in applicable with both internal pressure as well as 
traffic loads. Final form of the developed model to calculate the Stress Concentration 
Factor is shown in equation 5.4, and the values of the regression coefficients are shown 
in Table 5.7. 
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 5.4 
𝜎max 𝑝𝑎𝑡𝑐ℎ
𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙
= 𝛿 + 𝛼1𝑒
[𝛼2
𝑡
𝑅
+𝛼3
𝑎
𝑐
+𝛼4
𝑎
𝑡
+𝛼5
𝑏
𝑐
] + 𝛽1 × 𝑆 × 𝑒
[𝛽2
𝑡
𝑅
+𝛽3
𝑎
𝑐
+𝛽4
𝑎
𝑡
+𝛽5
𝑏
𝑐
] 
 
Where σmax patch is the maximum stress at the corroded patch, σnominal is the maximum 
pipe hoop stress without the patch, S is the soil saturation and R, t, a, b and c are the 
internal pipe radius, pipe thickness, corrosion depth, corrosion width and corroded 
patch length respectively. This equation is providing a dimensionless value, therefore 
input parameters can be used in any form of units so long as units as consistent for each 
dimensionless quantity. 
 
Table 5.7 Regression coefficient values for the developed model 
Regression Coefficient Value 
𝛼1 0.293 
𝛼2 6.552 
𝛼3 -1.366 
𝛼4 2.521 
𝛼5 -0.093 
𝛽1 21.048 
𝛽2 -3.216 
𝛽3 -21.439 
𝛽4 3.268 
𝛽5 -3.945 
𝛿 1.036 
 
Developed model can be used to estimate the maximum pipe hoop stress in corroded 
pipes buried in unsaturated fine grained soil without conducting advanced 3D FE 
analyses solutions. σnominal can be estimated with Equation 4.1 or any other available 
buried pipe stress prediction models which are outlined in Chapter 2. However, it 
should be noted that the saturation effect on corroded pipe stress is well captured by 
equation 5.4 only if the nominal stress is incorporated through a comprehensive model 
(such as proposed by Equation 4.1) which captures the influence of saturation.  
The model match between the FE analysis data and model predictions is showed in 
Figure 5.24 with the correlation coefficient obtained as 0.89 and R squad value of 0.8 
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revealing high accuracy of the proposed model to predict the maximum pipe hoop stress 
as obtained from 3-D FE analysis. Error distribution of the developed model on the 
basis of FE analysis data is shown in Figure 5.23 which depicts that the error is closer 
to ‘0’ with an error less than 0.3 in most of the predictions. Therefore, it is clear that 
the proposed model is capable enough of capturing realistic stresses on corroded pipes 
buried in unsaturated soil medium. 
  
Figure 5.23 Fitted normal distribution for error in the developed model 
 
 
 
 
 
 
 
 
 
Figure 5.24 Variation of model predictions and FE predictions 
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5.4 Summary 
The study presented a detailed investigation of the effect of soil water saturation on the 
corroded pipes subjected to operational loads of internal water pressure and external 
traffic loads. Extensive number of 3-D FE analysis was conducted using calibrated 
advanced soil models that can capture the unsaturated soil behaviour for obtaining 
realistic stress distribution on corroded pipes under loadings. Analysis were conducted 
for investigating both crack-like flaws and patch-like corrosion defects using stress 
intensity factor (SIF) approach and stress concentration factor (SCF) approach 
respectively. Results revealed that the pipe stress condition is highly governed by soil 
moisture content, corrosion geometry and soil plasticity effects which are largely 
overlooked in the past research. The influence of these governing variables was well 
captured using robust 3-D finite element models in order to obtain realistic pipe hoop 
stresses. The results of 3-D finite element analysis were utilised to propose an analysis 
model for predicting maximum hoop stress of the corroded pipes buried in unsaturated 
soil conditions. The model can be used for failure assessment of pipes and remaining 
service life calculations which provide useful information for asset management. 
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6 Conclusions and Recommendations 
6.1 Introduction 
This chapter presents the summary and the main conclusions which can be drawn from 
the current study on failure assessment of pipes buried in unsaturated soils. The current 
study investigated the behaviour of buried pipes in partially saturated soil medium 
using large scale tests, unsaturated soil elementary tests and advanced numerical 
modelling. The summary of the findings along with the contribution to the field of 
knowledge from the current study investigations are presented here in addition to the 
recommendations for the future works. 
6.2 Summary and Conclusions 
6.2.1 Experimental evaluation of soil saturation on buried pipes 
A series of large-scale laboratory tests were conducted to evaluate the performance of 
pipes buried in unsaturated soil conditions under different combinations of internal and 
external loadings. A large-scale test setup was developed based on the understanding 
of previous research and a detailed FE analysis. In addition to the large-scale tests, a 
series of unsaturated direct shear tests were conducted on the soil used for the study to 
evaluate the mechanical behaviour of unsaturated soil. Furthermore, the capability of 
using the results from the tests for calibration and validation of FE models was 
investigated. 
Results obtained from the developed test setup revealed that the adopted methodology 
and the instrumentation could produce reliable outputs within investigated loading 
limits. However, developed experimental setup couldn’t capture soil-pipe interaction 
forces as pipe was not instrumented with any surface pressure gauges. It would be 
beneficial to attach sensors to capture soil pressure on pipe, which can be used for 
further investigations of pipe soil interaction.  
According to the large-scale test results, there can be substantial influence of soil 
saturation on the buried pipe’s behaviour under the application of internal pressure and 
traffic loads. Moreover, it was revealed that pipe deformations can be higher at lower 
(20%) and higher (85%) saturation levels compared to degree of saturation at 65%. 
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Results from the experiments were compared with the FE analysis results which 
revealed that the FE model predictions are in a favourable agreement in comparison 
with the experimental data when the soil saturation is 65%. However, at lower 
saturation conditions, the FE model predictions substantially underpredict the actual 
pipe deformations, which shows lower model efficiency at lower saturation levels. 
The large scale experimental series conducted in this research provide valuable data on 
pipe response in unsaturated soils that can be employed to calibrate advanced numerical 
models for pipes buried in non-dry (i.e. realistic) soil conditions. Buried pipe response 
was studied under internal and external loadings and effects of saturation on buried 
pipes were examined by conducting a series of large scale tests. 
6.2.2 Stress prediction of pipes buried in unsaturated soils. 
A series of 2D and 3D FE models were used to investigate the soil water saturation 
effect on buried pipes’ responses under internal and external loadings with the use of 
advanced soil models. First, the traffic load effect on the maximum stress of the pipe 
buried in unsaturated soil was studied using 2D FE models. Thereafter, a series of 3D 
FE models were utilised to evaluate the effects of soil saturation, loadings, burial 
condition, and pipe geometry on the maximum pipe stress, and the results were used to 
develop an equation which can predict the maximum pipe stress. 
Results from the 2D FE analyses revealed that pipe stress was lowered by 10–80% 
when buried in unsaturated conditions when compared to the response in dry soils. This 
behaviour is due to the enhancement of soil stiffness induced by the soil suction in 
unsaturated soils which provides additional support to the buried pipes. 
An analysis plan was developed in order to construct an analytical model to predict the 
maximum pipe stress when buried in unsaturated soil conditions. 3D FE models were 
employed in this study to produce data which was used to develop the analytical model, 
and the FE models were validated using published experimental data prior to the 
execution of the analysis plan. Unsaturated behaviour of the soil was modelled using 
advanced soil constitutive models. 
3D FE results revealed similar behaviour of pipe stress response as observed in the 2D 
FE study. Furthermore, results from the models were compared with the available 
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models, and it was found that the available models overestimate the pipe stress under 
unsaturated conditions as they cannot capture the effect of unsaturated soil behaviour. 
Furthermore, results revealed that 40% soil saturation can result in lower pipe stress 
due to internal and external loadings. Thus, 40% soil saturation could be an optimum 
saturation for buried pipes under the tested soil condition in order to provide firm 
support/protection for the buried pipe. However, this optimum moisture condition of 
the backfill can be governed by soil type and compaction levels. 
Regression analysis was used to develop the maximum stress prediction model which 
can predict the stress on the pipes buried in unsaturated soils. The developed model 
predicts the pipe stress with greater accuracy within the considered range of parameters. 
Furthermore, the possible applications of the developed model in predicting the 
remaining service life and assessment of buried pipes was investigated. 
The proposed equation, which was validated with the field data, can easily be used to 
predict the maximum pipe stress considering the soil saturation effect and can be 
employed in the failure assessment of buried pipe conditions accurately.  
6.2.3 Stress prediction of buried pipes with corrosion patches 
The effect of external corrosion geometry on the maximum pipe stress and SIF were 
studied using 3D FE models, and a series of 3D FE analyses were conducted to develop 
an equation to predict the maximum pipe stress with respect to soil saturation, corrosion 
geometry, and loadings. 
Findings from the SIF study showed that corrosion patch geometry can directly 
influence the SIF variations, and the presented data from the study can be used for 
calculating SIF for a pipe with corrosion patch within the studied limits. 
The corrosion patch geometries using exhumed pipes was studied, and the corrosion 
patch geometry variations were identified. Based on these results, an analysis plan was 
developed to simulate corroded pipe behaviour using 3D FE models. Results from the 
3D FE analyses on pipes with corrosion patches revealed that corrosion patch geometry 
can have a significant impact on the maximum stress changes. It was found that the 
maximum stress induced in a corroded pipe can increase when the a/t (patch depth to 
pipe thickness) ratio increases, and the maximum stress variation with change in b/c 
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(patch width to patch length) depends on the a/c (patch depth to patch length) ratio. 
Furthermore, it was revealed that the saturation effect on the corroded pipes was not 
similar and depends on the corrosion patch geometry where a higher stress variation 
was observed for b/c (patch width to patch length) =0.5 due to saturation variations. 
An analytical model was developed based on the results from the 3D FE analyses 
conducted for different saturation levels, corrosion geometries, and loadings. The 
developed equation can predict the maximum pipe stress for a pipe with an external 
corrosion patch buried in unsaturated soil. Values from the equation and the FE results 
were compared and it was found that the developed equation predicted similar values 
as the FE results, which shows a higher accuracy of the developed equation.  
As the developed model is a closed form solution, it can be employed to assess existing 
corroded pipes buried in unsaturated conditions which can be very useful in the risk 
assessment of existing buried pipes which are expected to have significant external 
corrosions due to pipe aging. 
 
6.3 Contribution to the field of knowledge 
This research was carried out to investigate the behaviour of pipes buried in unsaturated 
soils under different loading combinations and to evaluate their stress condition. Based 
on the outcomes from the study, the key findings and the contribution to the knowledge 
field are summarised as follows: 
• A large-scale test setup was developed to investigate pipes buried in unsaturated 
soil under the application of internal and external loadings. 
 
• A series of large-scale tests was conducted on pipes buried at different 
saturation levels and experimental data was generated which can be used in 
future analyses and model validations. 
 
• The behaviour of pipes under different saturations was revealed through the 
experimental results. 
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• The behaviour of pipes in unsaturated soils subjected to traffic loads was 
investigated using 2-D FE models considering advanced unsaturated soil 
models.  
 
• An analytical model was developed to predict the maximum pipe stress 
considering soil saturation, pipe geometry, buried depth, and operational 
loadings. 
 
• The effect of corrosion patch geometry on variation of the SIF was evaluated 
with 3D FE models which produced data that can be used to calculate SIF for a 
known corrosion patch geometry within the provided limits. 
 
• The effect of corrosion patch geometry was explained for a pipe buried in 
unsaturated conditions using 3D FE models. 
 
• An analytical model was developed to evaluate the maximum pipe stress for 
corroded pipes buried in unsaturated soils under internal and external loadings. 
 
6.4 Recommendation for Future research work 
The research can be extended in order to obtain a better understanding of the pipe’s 
failure assessment considering other corrosion typoes, loadings, soil saturation, and 
geometrical parameters such as burial depths, pipe thickness, and pipe radius. 
• This study found that there is a significant impact of soil saturation on the buried 
pipe behaviour based on the experimental results. However, only limited 
number of tests were conducted during research study to investigate this 
phenomenon. It is suggested that future experiments can be conducted to 
investigate certain additional parameters such as burial depth, pipe diameter, 
pipe thickness, and pipe corrosion. 
 
• There are certain limitations regarding the developed stress prediction model 
due to the selected parameter range. Therefore, it is recommended to expand 
the variable range to improve the developed model. Additionally, it is 
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recommended to use different unsaturated soil models to simulate different soil 
types when developing the exiting model. 
 
• In this research, the pipe stress variation was studied considering the corrosion 
geometry. An analytical model was developed to predict the maximum pipe 
stress. There are limitations of the developed model due to the range of 
parameters selected such as different corrosion shapes. Investigating the stress 
behaviour with an expanded range of selected corrosion geometries is 
recommended. Additionally, studying the stress conditions with the SIF 
variations at the same time in order to develop a failure model based on both 
Stress and SIF is recommended. 
 
• It is suggested to conduct a series of unsaturated triaxial testings and soil 
suction-saturation tests on different types of soils to improve the calibration of 
utilized constitutive soil models, which can be extended in future research to 
gain more accurate results. 
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Liquid Limit and Plastic Limit Test Data 
 
 
 
 
 
 
 
Plastic limit    
     
No Empty 
With wet 
soil Dry soil w% 
1 8.7 15 14 18.86792 
2 79.5 86 85.1 16.07143 
3 107.2 117.2 115.9 14.94253 
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ASTM D2487     
Classification CL (Lean clay with gravel)  
Liquid Limit test     
      
No No of Blows Empty 
With wet 
soil Dry soil w% 
1 92 13.7 27.3 23.9 33.33333 
2 49 23.5 44.3 38.7 36.84211 
3 30 81.5 100.6 95.2 39.41606 
4 16 73.7 99.4 91.8 41.98895 
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Direct Sher Test Data 
 
Saturation Level = 20% 
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Direct Sher Test Data  
    
Saturation Level = 40%  
    
 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
0
20
40
60
80
100
120
140
160
180
200
0 2 4 6 8 10 12 14
Sh
ea
r 
St
re
ss
 (
kP
a)
Horizontal Strain (%)
116 kPa
166 kPa
216 kPa
266 kPa
0
20
40
60
80
100
120
140
160
180
200
0 50 100 150 200 250 300
Sh
ea
r 
St
re
ss
 (
kP
a)
Normal Stress (kPa)
 154 
 
Direct Sher Test Data  
    
Saturation Level = 60%  
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Direct Sher Test Data  
    
Saturation Level = 85%  
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Direct Sher Test Data        
          
Saturation Level = 100%        
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APPENDIX B 
Large Scale Experimental Data 
 
 
 
 
 
 
 
 
  
 
TEST 01            
S 61%            
Traffic Load (kN) 0 5 10 15 20 
Internal 
Pressure 
(MPa) Angl
e 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Internal 
pressure = 0  
0     122.0869 192.8337 153.9928 209.9543 160.2536 196.5252 97.078112 64.06395 
45     196.1142 201.328 229.2523 225.4783 230.6372 222.9422 128.71083 89.296291 
90     199.9499 192.862 233.3474 220.3195 244.0235 226.7737 140.37867 147.55422 
135     231.6894 228.3593 264.3545 280.5291 262.5237 295.0293 132.28669 186.86859 
180     247.5968 216.9661 294.2923 265.308 295.4724 285.3116 158.1398 192.30058 
Internal 
pressure 
=0.5  
0 35.22234 0.449335 147.6294 181.4583 171.0394 210.9947 204.9037 229.4805 191.26212 210.50467 
45 1.459618 7.994524 198.5912 185.5831 240.8173 224.5207 278.6116 254.6604 277.57948 240.24262 
90 11.41095 0.369874 213.8591 177.1722 258.8075 221.0912 296.8399 257.2724 302.67974 255.02389 
135 14.50933 -15.3292 243.592 219.4686 286.8444 275.3122 321.8423 322.7572 319.15038 342.37977 
180 37.65793 -9.97934 268.7215 195.7774 317.7144 264.708 354.8373 309.3405 356.39796 341.70107 
Internal 
pressure = 
1.0  
0 43.91248 4.341427 189.7541 205.2363 207.3538 228.5309 208.0732 217.2642 199.62659 190.17468 
45 29.6376 16.92475 223.4429 213.0775 264.4888 254.9276 279.1067 237.9507 260.52705 219.57724 
90 38.82071 7.075294 236.4376 191.9648 294.8162 230.0063 299.7487 237.671 294.17223 223.65806 
135 56.80937 14.00108 276.4366 235.0576 332.2823 294.708 326.7326 307.6901 313.70474 311.14384 
180 89.68444 35.45527 308.3455 205.4433 347.3075 280.2144 360.4318 305.6367 358.05612 302.97747 
Internal 
pressure = 
1.5  
0 54.34266 -14.4694 198.8311 196.4704 184.4863 180.0816 216.9644 191.7281 214.4098 180.37827 
45 10.17402 -8.51084 240.3485 209.4999 239.8669 196.9421 265.9039 221.5975 272.52993 214.51993 
90 40.55005 -13.3304 262.9932 201.1619 269.8789 187.2444 294.9322 215.9106 305.75063 217.38572 
  
 
135 48.03514 -26.1595 314.7215 244.1242 295.4917 244.4671 322.6405 284.054 324.82852 303.656 
180 57.74134 -24.4306 335.7226 220.6859 321.2289 227.8225 351.667 268.7651 356.01981 296.13187 
Internal 
pressure = 
2.0  
0 60.47116 3.292152 198.4667 187.5739 232.5819 216.2706 229.1064 184.2117 221.25548 170.29484 
45 37.16014 2.051746 239.8283 204.6909 277.6953 230.291 265.861 212.4555 266.11476 199.01495 
90 74.00919 10.87454 276.0867 199.6936 312.4813 233.9142 302.0724 204.9807 314.12148 210.84303 
135 91.1955 -14.4165 319.9167 224.4645 360.793 280.7639 335.1044 269.5689 333.70556 288.10898 
180 100.6922 -3.49568 333.3927 211.184 372.9119 252.8325 354.1311 258.9413 355.59678 283.97287 
 
 
TEST 02            
S 85%            
Traffic Load (kN) 0 5 10 15 20 
Internal 
Pressure 
(MPa) 
Angle Circumferential Longitudinal Circumferential Longitudinal Circumferential Longitudinal Circumferential Longitudinal Circumferential Longitudinal 
Internal 
pressure 
= 0  
0     262.4597 283.3648 260.7628 283.5217 286.8387 273.0086 336.9658 294.4831 
45       269.8178   240.086   248.8261   241.0989 
90     279.2025 289.7242 290.2651 288.9242 325.3655 309.4532 384.5605 327.925 
135     256.4579 259.2843 268.6829 283.1428 286.992 316.1334 325.0332 375.0981 
180     273.3145 312.7344 269.2536 333.1375 274.1834 391.3111 311.5698 484.007 
Internal 
pressure 
=0.6 
0 24.71951 5.226516 265.7986 268.4898 378.6826 358.777 380.3937 350.6691 348.6914 330.427 
45   -10.875   223.4868   306.8638   289.5796   274.4197 
  
 
90 40.57591 14.56003 283.9642 262.0754 408.2988 367.5138 417.9937 358.1896 429.4645 355.6296 
135 32.48528 33.95043 267.9712 264.5958 375.7613 373.9695 370.6348 393.5225 380.6054 410.9792 
180 32.55999 48.8222 262.0561 327.7189 364.4317 462.9224 363.8071 495.3818 353.8035 519.2081 
Internal 
pressure 
= 1.0  
0 56.50357 24.7863 326.1311 334.5543 345.3215 327.7169 383.6232 343.5484 417.4698 317.5694 
45   8.373834   287.8334   291.3563   302.0766   309.4728 
90 76.09478 41.56901 364.5414 329.2118 400.5642 352.4071 441.7405 381.4703 462.3282 377.5874 
135 64.65011 64.89791 333.7711 317.7168 366.3655 352.6394 396.241 399.2144 407.9516 421.1458 
180 71.2471 79.93881 341.2552 394.9441 360.9023 442.1223 380.5834 504.613 383.0014 544.8115 
Internal 
pressure 
= 1.6  
0 116.1059 67.97843 240.1119 181.2145 347.0715 297.9189 367.0839 310.7648 414.1891 345.6438 
45   71.56751   158.0221   265.9704   274.0471   301.8079 
90 143.8204 83.88981 260.7605 191.308 392.4432 316.3608 424.1668 351.7546 494.0006 380.278 
135 142.962 108.5738 246.2028 209.3413 366.1056 337.7111 395.0298 375.563 439.5543 436.6278 
180 134.1499 129.0998 233.646 272.1828 349.7355 420.3879 367.153 484.9154 410.0466 544.721 
Internal 
pressure 
= 2.0  
0 145.249 63.24711 265.0012 205.7082 361.5354 295.446 396.6097 323.1728 455.5349 359.3475 
45   56.98857   182.9195   269.1355   293.7158   320.7515 
90 169.1359 95.56478 305.4237 224.5993 406.785 318.3415 468.0661 360.6018 535.3712 417.8658 
135 168.1098 112.6792 287.6511 238.1262 381.158 334.9275 434.0186 387.3238 488.4798 467.8319 
180 160.2059 136.289 275.7552 289.0595 362.1096 423.0487 407.6971 503.4937 450.4488 584.6701 
 
TEST 03            
S 20%            
Traffic Load (kN) 0 5 10 15 20 
  
 
Internal 
Pressure 
(MPa) Angl
e 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Circumferentia
l 
Longitudina
l 
Internal 
pressure = 
0  
0     61.98784 41.37784 69.0172 28.03587 104.2351 35.32466 122.5358 32.58576 
45     53.23899 23.45067 67.34616 13.58985 91.26621 16.062 110.9307 26.21335 
90     60.90882 56.93071 86.57003 83.80781 122.2943 113.4958 153.3079 136.3562 
135     40.24255 53.41552 54.88208 91.78063 79.16273 143.1194 97.52498 173.4647 
                      
Internal 
pressure 
=0.6  
0 58.18701 84.98829 109.4696 86.85486 121.2839 75.1195 135.8525 53.7984 132.0272 27.41611 
45 59.14168 43.75318 106.5853 80.2242 117.7569 74.35988 124.8931 58.45439 130.344 53.75992 
90 65.33737 101.6437 116.9596 139.4014 140.9555 157.1834 167.1445 171.5052 183.0867 180.9247 
135 51.07541 89.70797 108.8016 122.515 121.9364 150.8235 119.248 191.4553 122.5892 204.9049 
                      
Internal 
pressure = 
1.0  
0 57.85216 10.15872 102.2483 50.38467 124.3843 48.53715 139.8731 48.04724 165.2657 48.47234 
45 62.24837 15.92814 111.8283 42.48506 125.2711 49.95982 138.5491 56.16329 151.4873 39.87862 
90 76.79975 63.03798 129.1637 108.5179 151.289 123.1123 183.099 147.1816 202.7249 162.7928 
135 55.38068 49.61594 101.8951 88.57306 122.9262 123.1468 139.9139 162.6367 157.0583 204.7786 
                      
Internal 
pressure = 
1.6  
0 59.51495 3.402983 129.1014 68.32647 168.0161 95.7333 196.6936 100.4056 201.1671 87.79352 
45 59.14115 6.643094 127.8211 43.88985 160.7765 76.21724 189.6772 95.83301 189.8848 76.15748 
90 78.25506 47.38348 142.9297 106.0072 194.2787 147.0756 237.1407 182.2354 252.4232 190.2746 
135 63.58028 32.36128 135.6823 96.87057 176.0632 151.7051 201.3496 203.3087 198.468 226.8071 
                      
0 122.4138 84.98829 172.227 86.85486 188.2016 75.1195 202.101 53.7984 198.8293 27.41611 
45 127.658 43.75318 162.331 80.2242 174.6494 74.35988 184.6547 58.45439 183.4636 53.75992 
  
 
Internal 
pressure = 
2.0  
90 144.5555 101.6437 185.9778 139.4014 209.6505 157.1834 235.5854 171.5052 251.7805 180.9247 
135 138.703 89.70797 169.8709 122.515 188.3361 150.8235 211.1349 191.4553 202.032 204.9049 
                      
 
 
 
 
